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Abstract
Recently, the Unmanned Aerial Vehicles (UAVs) especially multi-rotor types
have been receiving growing attention in the fields of research and daily applica-
tion, owning to the development of flight control theory and the release of high
performance Micro Controller Unit (MCU) and Micro Electro Mechanical System
(MEMS) sensors. It has become possible to carry out the complex tasks by us-
ing UAVs such as aerial photography, package delivery, infrastructure inspection
and other practical applications. Thus, the explosive growth of UAV market is
foreseeable and they are employed in every walk of life. However, because of the
immature correlative technique and imperfect associated law, the safety feature of
UAV is still a crucible topic.
Safety, reliability and acceptable level of performance are the major keys in
all control systems especially in safety-critical control systems such as unmanned
aerial vehicles. During the controlled process, the noise, disturbance, model un-
certainty and even unpredictable fault might lead to serious accident. Thus, the
capability of handling above risk is essential for UAVs. A fault-tolerant controller
not only guarantee the stability and good performance in normal operation condi-
tions but also has the ability to react on the existence of the fault by adjusting its
activities to the faulty behaviour of the system. Combining with the current situ-
ation of UAVS, the fault-tolerant control technology should be applied for UAVs
and very exigency.
The main objective of this thesis is to introduce the fault detection compo-
nent and controller re-configuration component of our fault tolerant control sys-
tem. Two kinds of fault-tolerant controllers are presented, using Linear-Quadratic-
Integral (LQI) control method and Model Reference Sliding Model Control (MRSMC)
method. The developed fault-tolerant control system is tested on our platforms
in outdoor environment. A detailed comparison of the robustness and stability of
two controllers is presented, and the corresponding details of controller design are
also discussed in this thesis.
Keywords :
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Chapter 1
Introduction
1.1 Background and Motivation
Unmanned aerial vehicle(UAV) is a collective appellation for the flying machine
that are capable of carrying out the flight mission without pilot. The control
command can be generated by a remote controller or through using a on-board
computer. They have another widely accepted name as drone.
Drones are created and servicing for military first, however, with the civilization
of drones, they are also implemented in information collecting of disaster rescue
operations and applied as a convenient tool for aerial photography. The develop-
ment of onboard microcontroller unit (MCU) technology and the improvement of
microelectromechanical system (MEMS) sensor performance are underway. This
will enable multicopters to perform complex tasks such as package delivery, data
collection, pesticide spraying, inspection of bridges and tunnels, and other practi-
cal applications. Unlike humans and manned vehicles, multicopters offer low risk
and high mobility for industrial applications. In research areas, multicopters are
considered excellent platforms to study new technologies and control methods.
Among the multirotor type UAVs, quadcopter, hexacopter, and octocopter are
widely used. Although there have been many research achievements using quad-
copters in indoor and outdoor applications because of their simple mechanical
structure and no-control-allocation properties, in recent years, researchers have
been paying more attention to hexacopters and octocopters. The number of actu-
ators in hexacopter and octocopter systems is greater than the number of control
inputs. Such systems are called redundant systems. In practice, redundant systems
have a higher fault tolerance. At the same time, in the UAV system as a whole, the
propulsion system, which serves as the actuator, has a high failure risk because of
the combination of motors, motor drivers, and propellers. Therefore, hexacopters
and octocopters have a higher fault tolerance with respect to propulsion system
failure. By combining this advantage of redundant systems with a fault-tolerant
control (FTC) theory, we can improve the safety of multirotor UAVs.
In summary, the above-depicted scenario requires the design of controllers for
failure diagnosis and isolation of safety-critical systems; thus, fault-tolerant ap-
proaches are essential. An FTC approach is used to maintain an acceptable level
of system performance despite faults and prevent local errors from developing into
1
failures. Generally, FTC approaches are classified into two types: passive and
active approaches. Passive approaches mainly use robust control techniques and
handle faults and failures without requiring information from a fault diagnosis and
isolation (FDI) scheme. Active approaches need information on faults from an FDI
scheme and use this fault information for controller reconfiguration and control re-
allocation. The advantages of increased rotors appear as increased power, payload,
and fault tolerance. However, as the corresponding increase in multicopter size and
weight decreases maneuverability and increases production cost, this study focuses
on the fault-tolerant control of hexacopters under propulsion system failure.
1.2 Correlational Research
As we know, “Multi-copter” is a conception of the vehicle which contains multi-
group propulsion components. There are several types of geometric structures and
the genetic name is listed in Table. 1.1. In this thesis, we use a “X6” type six
rotor helicopter and for convenient, we use the word of “hexacopter” to instead of
“X6” type six rotor helicopter.
Table 1.1: Designation of multicopters
Num. of rotors Designation
General term multirotor, multicopter
3 trirotor, tricopter
4 quadrotor, quadcopter, four rotor, quadrocopter, quadricopter, X4 flyer
6 hexarotor, hexacopter, six rotor
8 octorotor, octocopter, eight rotor
According to the classification of mutirotor helicopter, we would like to intro-
duce the corresponding research works.
1.2.1 Quadcopter
Quadcopter as the most common type multi-copter holds the simplest geometric
symmetry mechanical structure and high flexibility. However, there is no redun-
dancy propulsion parts. thus there is no control allocation task thus the control
re-configuration method is different with other type multicopter which contain the
redundancy propulsion parts like hexacopter and octocopter. In reference [1], the
research team presents a new controller which owns the ability to allow a propeller
damaged quadcopter to keep attitude and maintain a position without one, two
opposing even three propellers. They make the quadcopter rotating about an axis
freely which is fixed with respect to the vehicle body. Then, by using the force
which is generated by the remaining motors, the vehicle rotates the fixed axis in
inertial space. By using this approach, it allows the quadcopter to have a transla-
tional motion by the total thrust. The research group proposed a cascaded control
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scheme which control the propeller damaged quadcopter in a cyclical approach,
the this approach is tested and validated by a real quadcopter system that losing
a individual propeller and two opposing propellers respectively. The case of losing
three propellers was validated in a nonlinear simulation which is shown in Fig. 1.1.
Further, the same research group of ETH [9], the researches presents a broadened
definition of hover for multicopters, specifically, the vehicle is not constrained to
keep an equilibrium state that has zero angular rate in hovering. The class of
vehicles that can achieve above hovering conditions are extended to a superset of
conventional multicopters. This reduced attitude hovering approach is also con-
sidered to allow a multicipter to keep reduced attitude stable in spite of extreme
center of mass offsets. Finally, the design and experimental validation of three
novel vehicles is presented in Fig. 1.2.
Figure 1.1: A quadcopter in controlled flight despite having lost one complete
propeller.Ref.[1]
Figure 1.2: A novel class of flying vehicles Ref.[9]
Another research group of [10], the presents a generalized approach which us-
ing an iterative optimal control algorithm to solve a series of complex tasks like
go-to-goal tasks with single and double rotor failure by VICON system. The ex-
perimental results is shown in Fig. 1.3 and Fig. 1.4.
For partial failure of a quadcopter actuator is investigated for example in [2], in
this research, the author expends a model predictive control based fault tolerant
controller with a moving horizon estimation and/or unscented kalman filter for
fault parameters estimation to form an active fault tolerant control system. The
kalman filter estimation is considered as a good way to construct the fault detection
component and in this thesis and will be discussed later.
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Figure 1.3: Go to task of quadrotor with
one failed rotor(rotor 2) Ref.[3]
Figure 1.4: Go to task of quadrotor with
two failed rotors(rotor 2 and 4) Ref.[3]
1.2.2 Hexacopter
Difference with the quadcopter, the hexacopter contains six propulsion parts.
However, the quantity of control inputs is less than actuators, there is a allocation
block between the control input and actuator to allocate the control amount for
each actuator which guarantee the plant behavior will satisfy the reference input.
This allocation block is called as control allocation block, it is often applied in
redundancy system like hexacopter and octocopter. It plays a very important role
in the multicopter control system and could be fault tolerant by some reconfigura-
tion method. For most fault tolerant control research, the control allocation part
is the first task to deal with in the controllability problem. In reference [3], the
author presents a detailed reconfigurability analysis for multirotors which owns
four or six propulsion systems. By applying a structural model without details of
the model parameters. the research group try to achieve the target of controlling
a complete thrust losing multicopter keep in hovering state. The result of this
research tell us that the quadcopter is unable to reconfigure in any motor stopped
case. However, owing to the propulsion system redundancy, the hexcopter can
handle an individual motor losing state. But the reconfigurable is related with the
rotational arrangement of motors. According to this paper, it is clear that the re-
configurability of a hexacopter is bounded with the rotor rotational arrangement.
In reference [4], the author present a fault tolerant control allocator based on the
the theory of parametric programming and an explicit solution Fig. 1.6 together
with a binary search tree is obtained using the “Muti-Parametrci Toolbox” [5]
which is applied an asymmetrical rotational arrangement and the whole system is
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tested in a indoor environment by using motion capture system Fig. 1.5.
Figure 1.5: Fault Tolerant Control by us-
ing Parametric Programming Ref.[4]
Figure 1.6: Explicit solution for an
PNPNPN hexacopter with 61 regions
Ref.[4]
In reference [6], the research group discuss about the countermeasures (Fig.
1.8) when one motor failure occurred in propulsion system and the corresponding
the control allocation is also described of their original design vehicle Fig. 1.7 .
Figure 1.7: CAD model of the resulting
six rotor MAV Ref.[6]
Figure 1.8: The countermeasures when
one motor failure occurred in propulsion
system Ref.[6]
1.2.3 Octocopter
Similar with hexacopter, the octocopter is also a redundancy system and the
actuators is more than hexacopter’s. Thus, the control allocation blocks is more
complex and sundry than hexacpoters’. In paper [7], the researcher present a
solution which can handle the fault of octocopter propulsion system.They test the
method in a octocopter system in Fig. 1.9. An online detection algorithm which
uses date from inertial measurement unit (IMU) and a estimated effectiveness
value of each propulsion system from the forces and torques acting on the vehicle
and those expected from the commanded motor thrusts. The control allocation
applied in their research is based on an exact variant of the redistribute pseudo
inverse method. Finally, the research give a visualization of the available control
space shown in Fig. 1.10.
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Figure 1.9: Fully integrated vehicle Ref.[7]
Figure 1.10: Control Volume of the Octocopter Ref.[7]
In reference [8], the research proposes the use of a redistributed pesudo inverser
method of control reallocation for the fault tolerant control of an octorotor VTOL
aircraft and the vehicle stability and performance is resilient to single rotor failure.
Furthermore multiple rotor failures can be tolerated, control can be maintained for
up to four rotor failures. And there is some work for coaxial octorotor in Fig. 1.11.
In the paper, the author presents an error detection and recovery architecture that
allows an cotorotor to maintain full controllability after losing one propeller. And
a sliding mode observer is used to detect a filing motor.
1.2.4 Single Rotor Helicopter
As mentioned before, helicopters have high manoeuvrability and hovering ability
making them a suitable testbed for various missions. They are very suitable for
agile target tracking tasks. As well as owing to the good performance at position
maintaining and stable hovering ability, they are also applied to take inspection
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Figure 1.11: Coaxial Octorotor Ref. [8]
and monitoring tasks. Furthermore, the vertical take-off and landing capabilities
of helicopters is very indispensable in many applications. However, because of
the inherently unstable and dynamically fast, a professional and experienced pilot
is necessary to control the helicopters by using remote controller even adding an
improved stability augmentation devices. At the same time, there are some diffi-
cult tasks like a multivariable nonlinear open-loop unstable system with actuator
saturation. Thus, achieving the autonomous control of single rotor helicopter is a
challenging work. Moreover, due to direct lift-to-power characteristics as well as
the inherent instability, helicopters do not have the graceful degradation proper-
ties of fixed-wing aircrafts. Thus it will be catastrophic if any part of helicopter is
faulty.
Single rotor helicopters are wilder and earlier applied in agriculture application
than multi-rotor helicopters. Hence the fault tolerant control research is earlier
beginning than multi types. The helicopter platform has been modified for au-
tonomous flight purposes by Georgia Tech in Ref. [11]. The most famous platform
is the GTMax which is shown in Fig. 1.12 which is a reformed of Yamaha RMax
Helicopter. In [12], [13] and [14], a FDI systems based on neural networks in the
context of a reconfigurable flight control architecture for single-rotor helicopter
UAVs are presented. They tested the FDI system on GYMax autonomous heli-
copter.
The FDI system has been implemented and tested on GTMax autonomous
helicopter. In this work, the diagnosis of actuator and sensor faults in autonomous
helicopters is investigated and the design of a fault detection system is considered,
using a model-based approach, with observer-based residual generation and the
system is tested with real flight data.
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Figure 1.12: Georgia Tech GTMax Ref. [11]
1.3 Research Purpose
The multicopters which applied in our day life are most not designed for industry
application. They are just for photograph and hobby users. Thus, the safety,
reliability and fault tolerant instruments are almost unbuilt-in. At the same time,
the motor drivers and motors are considered as expendable components. The
risk of propulsion failure is high and fatal. Our research aims to design a high
reliability and practical fail safe system for hexacopters. In fact, the multicopters ,
especially the commercial and industry users usually fly the UAVs which equipped
high price camera and sensors. Therefore, the fail safe system which can deal with
the propulsion failure is further important. In order to avoid UAVs crash, the fail
safe system need the following function
• failure and fault detection
• fault location orientation
• fault system re-configuration according to fault information
Thus, we would like to design the heaxcopter control system which satisfies the
above conditions. The whole system holds the ability that against the propulsion
failure, not only motor failure but also motor driver failure, propeller damage and
even some electricity risk and so on. In this research we would like to propose the
propulsion failure detection module and controller re-configuration module. Then,
test and verify the whole auto pilot system which contains the fail safe system in
GPS navigation model in outdoor environment. At the same time, we design a
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linear controller and a nonlinear controller and compare the robustness and sta-
bility in the propulsion part faulted situation.
Comparing with other related researches of hexacopter fault tolerant systems,
our approach owns a higher practicality. At the same time, difference with other
released productions of drone makers, we propose a specific and reproducible solu-
tion for common hexacopter systems. Though, the vehicles might be reconfigured
of some drone makers like DJI, however, their inside system is a black box. In this
research, we expound the specific implementation of propulsion fault diagnosis, in-
ner loop reconfiguration and two kinds of attitude reconfigurations for linear and
nonlinear controllers for the first time. And this solution is proved to be effective
even in an outdoor environment with 6m/s wind. In addition, the saturation of the
left operating actuator is a difficult task. We propose a new dynamic admissible
control set algorithm to optimize the roll and pitch control input in controllable
and uncontrollable case of yaw.
The originality of our diagnosis study can be considered as following
• The current model based diagnosis approach is not only suitable for the
propeller lost or damage(motor payload changing), but also can be applied
in circuit fault/ failure(short, turn-off. etc.), motor abnormalities cased by
aging, motor driver fault/ failure and so on. Almost, all the fault/failure of
propulsion part are all detectable;
• An angel rate estimator applies the data from auto pilot system is used to
estimate the risk of inner loop failure. Thus, the abnormal of gyro sensor,
inner loop aberrant are also detectable;
• Combining with above two kinds of diagnosis approaches, the basic propul-
sion system health check and basic flight condition check are achieved. The
self-detection before take off is also can be complied;
• The fusion algorithm of above two approaches can improve the safety and
reliability of propulsion system and basic flight control system obviously.
And a high security level propulsion part fault tolerant system can be derived
by using above double diagnosis algorithms.
• By using these fusion algorithm, the component lifetime evaluation system
is possible to achieve. The high-security flight mission become be possible.
Then, the reconfiguration work can be considered as advanced as following
• The inner loop controller and attitude controller can switch automatically
by fault information from diagnosis block;
• An original dynamic admissible control set is applied to preserve the left mo-
tors from actuator saturation problem no matter wherever yaw is controllable
or not;
• The robustness of the control system especially in individual motor broken
situation is proved to be excellent;
9
• A nonlinear control approach is applied and it can improve the stability of
attitude in motor isolated moment.
As above, the solution which is proposed in this study featuring practical, ro-
bustness and universality. It can be applied to against the propulsion fault for
major of hexacopter systems.
1.4 Structure of this thesis
The structure of this thesis is as following:
In Chapter 2, the basic theory of fault tolerant control is introduced. By us-
ing these theory technology, a hardware(board , circuit) fault/failure, control loop
abnormal and components(motor, motor drive, propeller) aging of propulsion sys-
tem are all covered system is proposed. At the same time, a fault information
of propulsion system is transmitted from diagnosis block to reconfiguration block
which is a pivotal information also input for reconfiguration part. By the fault
information, the reconfiguration can switch to the optimal control decision au-
tomatically. In Chapter 3, a new PID controller with a multi-group PID gian
scheme is proposed, also a explicit multi-group control allocation algorithm with
anti-saturation by a dynamic admissible control set is discussed. Thus, in Chapter
3, an originality fault tolerant control scheme of propulsion system which includ-
ing diagnosis and reconfiguration is proposed and verified by a real hexcopter. In
Chapter 4, a linear-quadratic-integral (LQI) controller with multi-group switching
model scheme and a model reference sliding mode controller (MRSMC) are intro-
duced, combing with the fault tolerant control scheme, LQI controller can switch
to optimal controller gains by using fault information. In Chapter 5, the two em-
bedded controllers are tested respectively by using a real hexcopter system and a
performance comparison against partial propulsion lost is also proposed. Then,
the MRSMC controller showed a excellent robustness in the moment of motor
isolation. At last, a conclusion and future work are listed.
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Chapter 2
Fault Tolerant Control
This chapter is divided into diagnosis part and control reconfiguration part. We
describe the system behavior by using mathematical logic language and the cor-
responding fundamentals of fault tolerant control will be introduced. In diagnosis
part, we introduce the approach of fault detection, isolation and estimation for a
common linear system. Then we will give a view of the available approaches for
dealing with faults in sensors, actuators within the controlled systems.
2.1 Definition in fault tolerant control
In this section, the related conception of fault tolerant control is defined.
2.1.1 Fault and Failure
Before give a specific definition of fault-tolerant, we make a distinction between
fault and failure. There we reference the definition from [25].
Fault “A fault is an unpermitted deviation of at least one characteristic property
(feature) of the system from the acceptable, usual, standard condition.? [25]. In
a general view, a fault which occurred in the control system is something change
resulting the system behavior changed, in another word, because of the fault, the
control system dose not satisfy the control purpose no longer. However, the man-
ifestations of the fault is sundry. It may be a component of the whole system,
for example, the power supply is shut down, an information link broken, or the
actuator suddenly stopping. In multicopter system, the fault may be considered
as an unpredictable motor shunt down when the vehicle is during a flight mission,
or suddenly system state mutation by sensor error and so on. All the fault will
resulting a changes in the system structure or parameters which will lead a de-
graded system performance or even the loss of the system function eventually.
Failure “A failure is a permanent interruption of a system’s ability to perform a
required function under specified operating conditions,” [25]. Resulting from one
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Figure 2.1: Several types of actuator failures:(a) floating around trim; (b) locked-
inplace; (c) hard-over; and (d) loss of effectiveness Ref.[27]
or more faults, a failure is therefore an event that terminates the functioning of a
unit in the system.There are some types of actuator failures and sensor faults of
aircraft are shown in Fig. 2.1 and Fig. 2.2 [27]
As explained above, a change in the characteristics of a component will be cased
by fault. Then an unpredictable operation or performance will come behind by
this fault, then the whole system may performance in an undesired way. Hence,
the faulty system will no longer satisfy the required specifications. However, by
using fault-tolerant control technology, a fault can be “worked around” so that the
faulty system still may keep on operation.In contrast to this, we use the notion of
a failure to describe the a system or a component which is unable to accomplish
its function. Because of a failure is an irrecoverable event, so that, the faulty sys-
tem or faulty component has to be isolated. With these notions the idea of fault
tolerant control can be stated as follows:
Fault-tolerant control has to prevent a fault from causing a failure at the system
level. [26]
Finally, both of faults and failures might lead risk of human and machines it-
self. In UAVs system, there are many kinds of components in the whole system,
any small problem occurs might make a serious accident.The reason seems to be
obvious that why we need to make the system fault tolerant undeniably. More
specifically the faults have to be found as quickly as possible and decisions that
stop the propagation of their effects have to be made.
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Figure 2.2: Several types of sensor faults: (a) sensor bias; (b) loss of accuracy or
calibration error; (c) sensor drift; and (d) frozen sensor Ref.[27]
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2.1.2 Classification of Faults
For a hexacopter, although there are many components. But the different partial
faults could result in different system behaviors. The faults are often classified as
follows shown in Fig. 2.3
Figure 2.3: Classification of faults
Actuator faults: The plant properties are not affected, but the influence of the
controller on the plant is interrupted or modified.
Plant faults: The plant faults change the dynamical input and output properties
of whole system.
Sensor faults: The plant properties are not affected, but the sensor reading have
substantial errors.
2.1.3 Structure of Fault Tolerant Control Systems
The architecture of fault tolerant control is shown in Fig. 2.4. There are two
blocks in a common fault-tolerant structure, the description is as following:
Fault diagnosis: The existence of faults has to be detected and faults have to be
identified.
Control reconfiguration: The controller has to be adapted to the faulty situa-
tion so that the overall system continues to satisfy its goal.
The diagnostic block uses the measured input and output of the whole system,
and use the input and output information to determine the system behavior state,
the give a result of if there is a fault or several kinds of faults occurred in the
system. The reconfiguration block uses the fault information and adjusts the
controller to the faulty situation. There we use a common feedback control loop
to explain the process how does the fault tolerant control work and make the faulty
system to adjust the itself. In the Fig. 2.4, we separate the control system into
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Figure 2.4: Architecture of fault tolerant control
two parts. The usual feedback controller is as a execution and another part which
including the diagnostic and re-configure blocks is called supervisor. Actually, the
fault tolerant control system can be considered as an extension form of a normal
controller. Without fault, the whole system operates in a nominal controller way
which attenuates the disturbance and ensures set-point is tracked. The main
control loop activities on the execution level. Then, on the supervision level, the
diagnosis block monitoring the whole system. If there is no fault occurred, the
whole system will not change to adjust to the faulty case. However, if a fault
occurred, the task of supervision level is to make the system adjust to current
faulty case and make the whole system continue to operation. The main task
of the diagnosis block is to detect the occurred fault and give a identification of
occurred fault then transmit the fault information to reconfiguration block. The
main task of reconfiguration block is to make the system adjust to faulty case.
Afterwards the execution level continues to satisfy the control aims by itself.
2.1.4 Classification of Fault Tolerant Control
Fault tolerant control structure can also be accomplished without the structure
given in Fig.2.4.Fault tolerant control systems can be regrouped into two main
families: passive fault tolerant systems and active fault tolerant systems.
Passive fault tolerant system A fixed controller is designed that tolerates
changes of the plant dynamics. The controller system satisfies it goals under all
faulty conditions. Fault tolerant is obtained without changing the controller pa-
rameters. It is therefore, called passive fault tolerance. [26]. In another words, the
passive fault system apply the robust control theory to deal with some kinds of
fault, robust control system exist only for a restricted class of changes of the plant
behavior that may be caused by faults. Hence, robust control system apply the
robust control theory to make the system holds robustness to against the system
behavior changes which is caused by system interior and external disturb. How-
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ever, if the system behavior deviations become excessively large and exceed the
robustness properties which the system could handle with, in this situation, the
controller parameters have never been acceptable, the risk of system breakdown is
very high. Moreover, if mechanical damage or sensor fault occurs in the system,
only depending on robust control method is almost impossible to backup the ve-
hicle. Therefore, this is the reason why we need an active fault tolerant control
architecture to achieve extended fault tolerance capability.
Active fault tolerant system The common active fault tolerant system is as
shown in Fig.2.4 which contains a separate diagnosis block which keep a lookout
over the whole system continuously. The supervision level blocks may detect the
faulty system behavior and decide to reconfigure the flight controllers.
2.2 Diagnosis
Hexacopter as a continuous variable system, the dynamic is usually described
by differential equations. Hence, the principle of consistency-based diagnosis can
be transformed into the scheme shown in Fig. 2.5. Using the model to estimate
the system behaviour and Using the measured the system output y to generate the
residual. This block has another name called as fault detection and isolate(FDI)
system
r(t) = y(t)− yˆ(t) (2.1)
Above equation is called the residual. In the faultless case, the residual vanishes
or is close to zero. Diagnostic algorithms for continuous-variable systems generally
consist of two components:
Residual generation:The mode and the input/output pair are used to deter-
mine residuals, which describe the degree of consistency between the plant
and model behaviour.
Residual evaluation:The residual is evaluated in order to detect, isolate and
identify faults.
In both steps, model uncertainties, disturbances and measurement noise have
to be taken into account. Actually, the model block in Fig. 2.5 is a block to give
a faultless system behavior estimation, and by actual measured system behavior,
the system state can be determined by algorithm. There are two main kinds of to
create the “model”. One is designed the model by using mathematical models of
the system being monitored, in another word is using the mathematical language
to describe the system output which is related with the input.It is often the case
that several model-based filters are organized in a bank in which one filter is sen-
sitive to a specified failure but the other filters remain insensitive to that failure.
Another way is using the filter technology to estimate the system behavior. The
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Figure 2.5: Diagnosis of continuous-variable system
most famous one is Kalman filter(KF). In this thesis, we would to introduce a KF
method to achieve the propulsion fault detection work in the following chapter.
Hence,the filter method holds the better robustness against the uncertainties, dis-
turbances and measurement noise than model-based method, but the model-based
fault detection method still have its practical sense for some special condition and
situation. However, in this section, the common approach of fault detection, iso-
lation and estimation are proposed.
2.2.1 Faulty system description
In order to describe the fault in system clearly, we apply an average linear
system to introduce the situation which actuator fault and sensor fault occurred
respectively in system. The generic system description will applied in this section
and the corresponding solution will be presented.
A common linear time invariant system(LTI) can be defined as
x˙(t) = Ax(t) +Bu(t) (2.2)
y(t) = Cx(t) +Du(t) (2.3)
where x ∈ Rn is the system state vector, u ∈ Rm is the control input from the
system controller, and y ∈ Rr is the output vector which is measured by sensors.
Matrix A,B,C,D is the system matrix.
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However, not only in our UAV application, in many other on board control
systems, the Micro Control Unit (MCU), Field Programmable Gate Array(FPGA)
processor and programmable logic controllers(PLC) are widely applied to achieve
the on board control solution, hence, the above LTI system could be considered as a
discrete-time system because of the processing step by step in processor frequency
express it as:
x(k + 1) = Adx(k) +Bdu(k) (2.4)
y(k) = Cdx(k) +Ddu(k) (2.5)
where Ad, Bd, Cd and Dd are the matrices of the discrete-time system of ap-
propriate dimensions.
The operating point of a linear system can be considered as the equilibrium
point. We assume the operating point of the above LTI system is (U0, Y0), the lin-
earized model corresponds to the relationship between the variations of the system
inputs u and outputs y such that
u = U − U0 (2.6)
y = Y − Y0 (2.7)
During the system operation process, the actuator, sensor and plant may be
suffer the unpredictable fault or failure as introduced above. The faults affecting
a system are often represented by a variation of system parameters. Thus, in the
presence of a fault, the system model of a on-board system can be written as
xf (k + 1) = Afxf (k) +Bfuf (k) (2.8)
yf (k) = Cfxf (k) (2.9)
where, the matrices of above faulty system can be described as
Af = A+ δA (2.10)
Bf = B+ δB (2.11)
Cf = C+ δC (2.12)
Owing to the linear system, the effect of the faults can be considered as a
parameters changing of each system matrix by adding a deviation which is denoted
as δA, δB and δC. However, the parameters of the matrices are different to get
on-line. In following contents, the fault detection approach will be proposed
2.2.2 Actuator fault
In this thesis, the actuator fault is considered as the main fault type, thus, we
define Uf as the global control input of the whole system. It can be written as:
Uf = ΥU + Uf0 (2.13)
where U is the global control input applied to the system, Uf is the global faulty
control input, u as the above defined is the variation of the control input around
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the operating point U0; Uf0 corresponds to the effect of an additive actuator fault;
ΥU represents the effect of a multiplicative actuator fault. Υ can be expressed as
Υ = diag(η) (2.14)
η =
[
η1 η2 · · · ηm
]T
(2.15)
It is important that, the dimensions of the η must be same with the quantity
of the control input u. If the system is a redundancy system, the input u is after
allocation. Parameter η stands for the effectiveness of each actuators. In our
research, this parameter is used to switching the optimal system parameters to
adjust the faulty system working, the detail will be proposed in following chapter.
In another view, Uf0 can be expressed as
Uf0 =
[
uf01 uf02 · · · uf0m
]T
(2.16)
The different types of faulty actuators situation is listed in Table. 2.1
Table 2.1: Actuator fault
Constant offset uf0i = 0 Constant offset uf0i ̸= 0
ηi = 1 Faultless case Bias
ηi ∈ (0; 1) Loss of effectiveness Loss of effectiveness
ηi = 0 Out of order Actuator locked
Substituting the above definition into discrete-time system and express as:
x(k + 1) = Ax(k) +B(ΥU(k) + Uf0 − U0) (2.17)
y(k) = Cx(k) (2.18)
Combing with the 2.13, the above function can be written
x(k + 1) = Ax(k) +Bu(k) +B [(Υ− I)U(k) + Uf0] (2.19)
y(k) = Cx(k) (2.20)
We define new matrix Fa = B, fa = (Υ − I)U + Uf0. Then the above faulty
system can be written as
x(k + 1) = Ax(k) +Bu(k) + Fafa(k) (2.21)
y(k) = Cx(k) (2.22)
where, if the ith actuator is declared to be faulty, then Fa corresponds to the
i-th column of matrix B and fa corresponds to the magnitude of the fault affecting
this actuator.
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2.2.3 Sensor fault
Although, the sensor fault is not as research subject, but the faulty system
description of sensor fault is also expressed here. We use fs as an unknown input
illustrating the presence of a sensor fault, the discrete-time linear system can be
expressed as
x(k + 1) = Ax(k) +Bu(k) (2.23)
y(k) = Cx(k) + Fsfs(k) (2.24)
where Fs, i is the i
th row of sensor fault matrix Fs and fs, i is the fault magnitude
affecting the i-th sensor.
2.2.4 The detectability of fault
Combing above faulty system description of actuator fault and sensor fault, the
fault detectability can be proposed [26]. The two types of fault can be described
in a linear continuous-time state space which including external disturbance d and
an unified unknown input f which represents all kinds of faults. The state space
can be written as
x˙(t) = Ax(t) +Bu(t) + Exd(t) + Fxf(t) (2.25)
y(t) = Cx(t) +Du(t) + Eyd(t) + Fyf(t) (2.26)
x(0) = x0 (2.27)
where, f ∈ Ra+s, represents the faults wishes to be detected, and d is the
unknown disturbances that should not be detected. According to the [26] above
state can be changed into the terms of transfer function as
y(s) = Hyu(s)u(s) +Hyd(s)d(s) +Hyx(s)x(0) +Hyf (s)f(s) (2.28)
where
Hyu(s) = C(sI−A)−1C+D (2.29)
Hyx(s) = C(sI−A)−1 (2.30)
Hyd(s) = C(sI−A)−1Ex + Ey (2.31)
Hyf (s) = C(sI−A)−1Fx + Fy (2.32)
As described in the beginning of this section, the residual generator use the
controller input u and output y of the plant, the state space of residual generator
can be considered as a linear time-invariant systems that holds the following form
z˙(t) = Azz(t) +Bzuu(t) +Bzyy(t) (2.33)
r(t) = Crzz(t) +Druu(t) +Dryy(t) (2.34)
z(0) = z0 (2.35)
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Changing the residual to frequency domain
r(s) = Vru(s)u(s) +Vry(s)y(s) =
(
Vru(s) Vry(s)
)( u(s)
y(s)
)
(2.36)
In [26], the researcher define two kinds of detectability for faults as following:
Weak detectability The fault fi(t) ̸= 0 for all t > t0 is weakly detectable if there
exists a stable residual generator such that r(t) is affected by fi(t) .
Strong detectability A fault fi is strongly detectable if there exists a stable resid-
ual generator such that r(t) reaches a non-zero steady-state value for fault
signal that has bounded final value different from zero
Here, we reference the conclusion of the fault detectability from [26]. The r(s) can
be written as the following from
r(s) = Vry(s)Hyxx(0) +Vry(s)Hyff(s) (2.37)
= Vry(s)Hyxx(0) +
na+s∑
i=1
Vry(s)H
i
yf (s)fi(s) (2.38)
where Hiyf (s) represents the i
th column of Hyf (s). It can be shown that a
necessary and sufficient condition for detectability of the ith fault is :
Vry(s)H
i
yf (s) ̸= 0 (2.39)
where Vry(s) also fulfils
Vry(s)Hyd(s) = 0 (2.40)
2.2.5 The residual generation
On the basis of the above fundamentals, in order to detect the fault which
system should be sensitive, a residual generator must be created. Although, there
are many types of faults might occur in the UAVs system. In this research, we
focus on the issue of propulsion parts. Thus, the we need to design a diagnosis
block can detect the propulsion fault as fast as possible. Generally, the model
based fault detection approach is considered as efficient. In this thesis, we apply
a current model based estimator and a Kalman filter estimator to achieve the
fault detection task. Firstly, the theory of model based fault detection approach
is introduced.
Let us consider a linear discrete-time state space as following
xˆ(k + 1) = Amxˆ(k) +Bmu(k) (2.41)
yˆ(k) = Cmxˆ(t) (2.42)
where, the matrices of Am and Bm is the model system matrices. Cm can be
used to make the detection block sensitive to specific system state estimated value
xˆ. Then we can get the residual generation of the monitored system as
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r(k) = y(k)− yˆ(k) (2.43)
or (2.44)
r(k) = y(k)−Cmxˆ(k) (2.45)
The detail of estimator will be introduced later.
2.2.6 Residual evaluation
We use a set of residuals obtained from residual generator have the from
r = (r1, r2, · · · , rn) (2.46)
Thus, one element of above vector can be expressed as rj(t), j = 1, 2, · · · , n.
Normally, we set a threshold to evaluate whether there occurred fault fi in the
system. If the residual vector is always zero it stands for there is no fault occurred
in system. In another word, checking where the residual is different from zero can
make the system know where fault occurred. Thus the two hypotheses and the
corresponding condition is described as
ϵ0(0, t) : no fault is present ||r|| = 0 ;
ϵ1(fj, tj) : fault fj was present since time tj ||r(t)|| ̸= 0,t ≥ tj.
where ||r|| is an appropriate norm of the residual.
Generally, we need a test function ϕ(rj(t) to provide a deviation from zero.
There are some common evaluation functions can be referenced from[26]:
• Absolute value
ϕ(rj(t)) = |rj(t)| (2.47)
• An approximation to the two-norm of the residual vector
ϕ(rj(t)) =
√
1
T
∫ t
t−T
|rj(τ)|2dτ (2.48)
• Square root of filtered absolute value, squared,
ϕ(rj(t)) =
√∫ t
0
wjϕ (t− τ) |rj (τ) |dτ (2.49)
• Filtered mean square value of signal
ϕ(rj(t)) =
∫ t
0
wjϕ (t− τ)
(
rj (τ)− 1
T
∫ τ
τ−T
rj (τ2) dτ2
)2
dτ (2.50)
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where wjϕ is the impulse response of a filter used particularly for evaluation of
residual j.
Then we need a threshold function Φ(t) to detect if there occurred a fault in
the system. Φ(t) should have the properties as
no fault: ∀t ≥ 0, f(t) = 0: ϕ(r(t)) ≤ Φ(t);
weakly detectable fault: ∃t ≥ t0 : f(t) ̸= 0: ϕ(r(t)) > Φ(t)
strongly detectable fault: ∀t ≥ t1 ≥ t0 : f(t) ̸= 0, t ≥ t0: ϕ(r(t)) > Φ(t)
2.2.7 FDI System Application
Before multi rotor type helicopter came out, the fault tolerant control technology
especially the fault detection and isolation has successfully tested in aircraft. The
author of [27] listed the recent and popular techniques used to design FDI system
for flight applications as Fig. 2.2
Table 2.2: List of some recent and popular techniques used to design FDI systems
for flight applications
Technique applied in FDI system of aircraft
(Modified -)recursive least squares (RLS) algorithms
Kalman Filter (bank of -)
Extended KF (bank of)
Unscented Kalman Filter UKF
linear parameter-varying (LPV) filters
Interaction matrix
Particle filters
Neural networks
Statistical methods
Wavelet analysis
H∞
Robust model-based system
Parity space approach
Unknown input observer
In paper [38], the author purpose a model reference adaptive control(MRAC)
scheme to deal with the actuator failures of fixed wing type UAVs and the mul-
tiple model adaptive estimation method (MMAE) approach is used for detection
and isolation of either actuator or sensor failures, then the MMAE method is up-
graded with extended Kalman filters (EKF) and become a extended multiple model
adaptive estimation method (EMMAE) method. In [37]. the author presents a
new scheme named as Single Model Active Fault Detection and Isolation System
(SMAC-FDI) is applied to actuator health monitoring on an aircraft. In [36], the
author changed partial algorithm of SMAC-FDI and tested to efficiently detect
and isolate a faulty actuator in a system.
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In this thesis, we combine the fundamentals that introduce previously with
the model-based detection approach and model-based Kalman filter estimator to
design two kinds of the FDI system to detect the actuator fault that occurred in
hexacopter propulsion system.
2.3 Control Reconfiguration
Th faults occurs in the system that might resulting in the system behavior chang-
ing but still inside of the controllable range. According to change the controller
parameters, the system might adjust to the faulty case which called as fault accom-
modation. According to adapt the parameters of the controller to the dynamical
properties of the faulty plant, the fault accommodation can be achieved. Using
the same input and output of the plant which is also used in the faultless control
loop. The structure of fault accommodation is shown in Fig. 2.6. Hence, there
is no change occurs in set of input and output sequences. There is a simple way
to achieve the fault accommodation is that using a pre-designed controller which
is considered as a well established way.each of which has been selected off-line for
specific fault. The re-design step can be simply set by switch among the different
control laws. According this approach, the reconfiguration task can be achieved
in a quick and strong real-time constraints way. However, there is a disadvantage
of this approach that all the possible faulty situation need to be considered before
the system is put into operation. Thus all the pre-built controller have to be stored
in the flight control system. Actually, in our research, we apply this re-configure
method to per-design multi-group controller gains and control allocation matrix
to handle the each propulsion faults. The detail will be discussed in following
contents.
Figure 2.6: Fault accommodation
The complete control loop need to be reconfigured if the fault accommodation is
difficult to be embedded. Thus, a new control configuration is necessary to handle
the faulty system where alternative input and output signals are used. Depends
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on the existing fault, the signals are selected. Then, a new control law has to be
designed online. The structure of this approach is shown in Fig. 2.7. After sever
faults have occurred in the system which lead to a serious structural change of
the plant dynamic, the control reconfiguration become necessary which should be
suitable for different faulty component:
• Sensor failures which may break the information link between the plant and
the controller. This kind of failure may lead the plant partially unobserv-
able. In order to solve the control task, alternative measurements have to be
selected and used.
• Actuator failures may influence the plant and generate a distribution with
actual plant. As a result of actuator failure, the plant behavior will be
unpredictable and lost control.
• Plant faults change the dynamical behavior of the process. If the these
change cannot be tolerated by any control law, the overall control loop has
to be reconfigured.
Figure 2.7: Control reconfiguration
It is obviously that the control reconfiguration is necessary for a system if
sensor or actuator is faulted. The control loop may be broken down if above
components are completely faulty. It is impossibility to adapt the controller by
just adjusting the control parameters to against the faulty case. In order to handle
this faulty case, alternative actuators or sensors which are not affected by the fault
and have similar interactions with the plant are necessary. So that a reasonably
selected controller is able to satisfy the performance specifications on the closed-
loop system.
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2.3.1 Reconfiguration problem
The fault tolerant control scheme is shown as Fig. 2.4. At the execution level,
the feedback control loop is expressed as
u(t) = k(y(t), yref (t)) (2.51)
The control aim of above loop is to attenuate the disturbance d and ensure
control command tracking for the reference command input yref . The letter k
stands for the control law which satisfies the given requirements of controlling
subject when there is no fault f .occurred. At the supervision level, the adaptation
of the controller to the faulty system is accomplished. This process result in new
controller parameters and possible in a new control configuration. In this thesis,
we aim to the control reconfiguration of the actuator fault occurred situation.
Different with other control system, the hexacopter wons more actuators than
normal system which called as redundancy system. Thus, in hexacopter actuator
fault situation, the redundancy of propulsion part play an important role. But,
when actuator fault is detected, the controller has to be reconfigured in the sense
that selecting a suitable control configuration ans a set of appropriate controller
parameters for faulty system after some fault occurred.
• the signal vector y is the output of system and the signal vector u tis input.
• the control law is denoted as k which including the controller parameters
• the set-point is denoted as yref .
We assume the the all the f can be detected and defined, the state-space
model can be expressed as
x˙(t) = g(x(t), u(t), f) (2.52)
y(t) = h(x(t), u(t), f) (2.53)
x(0) = x0 (2.54)
where system state x ∈ Rn, system input u ∈ Rm and the output of the plant
is y ∈ Rr. The f is as the fault which is detected and identified by the FDI system.
The problem of control reconfiguration can be described as when FDI reports the
fault f occurred and the system adjusts to the current condition, then reconfigure
itself and switch to new control law denoted as kf .
2.3.2 Pseudo-inverse method
One of the most effective method to reconfigure the faulty system is based on
model-matching [26]. The nominal close loop system can be described by using
dynamical properties, by using the same ideal, we can modeling the faulty dynamic
of the system and connect it with new controller, thus, the new control loop should
adjust to the new plant and make itself operating. We use a linear system as
x˙(t) = Ax(t) +Bu(t) (2.55)
y(t) = Cx(t) (2.56)
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and a state feedback controller
u(t) = −Kx(t) (2.57)
apply in above close loop system
x˙(t) = (A−BK)x(t) (2.58)
y(t) = Cx(t) (2.59)
When the fault f occurred, the faulty plant is as
x˙(t) = Afx(t) +Bfu(t) (2.60)
y(t) = Cfx(t) (2.61)
Owing the fault f the plant matrices has been changed which described as
Af ,Bf and Cf . Similar with faultless plant, a new state feedback controller is
needed as
u(t) = Kfx(t) (2.62)
Hence
x˙(t) = (Af −BfKf )x(t) (2.63)
y(t) = Cfx(t) (2.64)
Similar like the faultless loop, thus
A−BK = Af −BfKf (2.65)
By using the pseudo-inverse we can get
Kf = B
+
f (Af −A+BK) (2.66)
= (B‘fBf )
−1B‘f (Af −A+BK) (2.67)
2.3.3 Control allocation
In flight control system, in order to produce the certain desired thrust and
torque in roll, pitch and yaw, a control allocation is necessary to compute the
input for each propulsion party which changing the rotational rate of them. By
using the control allocation, we can separate the control system design into two
parts which including derivation of the control laws and the control allocation
design. The advantage of this approach can be considered as three
• The actuator saturation problem can be taken into account. Especially, the
rotational rate of each is constraint, thus we can apply a optimal control
allocation way to produce the desired control effort.
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Figure 2.8: Control allocation
• The control allocation can take advantage of the system redundancy espe-
cially like hexcopter. The system can produce the desired control effort by
changing optimal allocation way instead of changing control law
• The control efficiency may be improved to considering about advanced con-
trol allocation algorithm without improvement of the control strategy.
In cases of actuator failures, a supervision controller can reconfigure the
behavior of the control allocator in order to compensate for those failures,
without the need for redesigning the control laws
The main structure of control allocation is shown in Fig. 2.8. it can be described
as
−→uM = −→D (2.68)
−→u =

u1
u2
...
um
 (2.69)
−→
D =

D1
D2
...
Dn
 (2.70)
m < n (2.71)
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where u ∈ Rm M is the control allocation matrix which achieve the task of
allocating the reference control command to n − th actuators. The quantity of
actuator is n. It should be noted that m < n. This kind of system called as
redundancy system like the hexacopter.
2.3.4 Literature review of control allocation
Control allocation task as an important part of aircraft control loop have been
receiving high anticipated from UAVs engineers and researches. In this section,
we will propose several mainstream approach that widely used in mutiroto fight
control system.
Pseudo-Inverse approach
The most widely known type of matrix pseudo-inverse is the Moore-Penrose
pseudo-inverse which is used to solve linear control allocation problems. The
pseudo-inverse solution has the nice property to have minimal l2-norm which es-
tablishes an equal distribution of the virtual controls among all actuators. The
pseudo-inverse can be obtained by
M+ =
(
MT ·M
)−1 ·MT (2.72)
where the M is the control effectiveness matrix. Combing withe the control allo-
cation description of propulsion system, the command for each motor drivers can
be obtained as
M+ · −→u = −→D (2.73)
Constrained Least Squares approach
This approach based on the Pseudo-Inverse approach [39] that applies a Con-
strained Least Squares to optimize the motor PWM signals keeping only five
propulsion systems working in real PWM bandwidth. This technique has been
implemented within the constraint optimization solutions because the PWM com-
mands must be range from 0 to 1 as
min
δ
=
1
2
||Mδ −D||22 (2.74)
After obtaining the δ, the control allocation matrix can be computed as the
above Pseudo-Inverse approach
Parametric Programming approach
In [4], the author applied the parametric programming approach to precom-
puted set which contains all the allocated solution that correspond to the whole
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attainable control command. The parametric programming approach can be de-
scribed to solve the physical problem as
A · −→Ω = −→v (2.75)
−→
Ωmin ≤ −→Ω ≤ −→Ωmax (2.76)
Because of the motor dynamics is included in the above formulation, we denoted
A as the effectiveness matrix, however the effectiveness M in above section is
without motor dynamic. The vector
−→
Ω is containing the cubes of the rotor speeds.
The vector −→v is the desired control vector which as the control target. The
available degree of freedom in the control allocation problem is used to minimize
the sum of the cubes of all rotor speeds which scales with the energy consumption
of the system. Further hard equality constraints are used in the formulation to
ensure that the desired vector always corresponds to the allocated vector which
can be written as
−→
ΩCA(θ) = min−→
Ω
−→
Ω
T · −→Ω (2.77)
s.tA · −→Ω = −→v (2.78)
−→
Ωmin ≤ −→Ω ≤ −→Ωmax (2.79)
where
−→
ΩCA(θ) describes the solution to the parametric program as a function
of the parameter vector Ω which as
θ =
−→
Ω (2.80)
This approach can be extended to the propulsion fault situation, thus the on-
board processor need to save all the solution corresponding to each faulted situa-
tion.
weighted pseudo-inverse matrix method
The author of [30] proposed a new approach based on pseudo-inverse matrix
which added three weighting parameters to extend the controllability space of a
hexacopter. This approach is written as
AW
+ =WAT
(
AWAT
)−1 1
6µl

3al 0 2 −µlκ−1
3bl −√3 1 µlκ−1
3cl −√3 −1 −µlκ−1
3al 0 −2 µlκ−1
3bl
√
3 −1 −µlκ−1
3cl
√
3 1 µlκ−1

(2.81)
where
W := diag([a; b; c; a; b; c]) (2.82)
30
where the weight parameters a, b, c can be calculated by the range of throttle
command during in three interval as
T ∈ [Tmin, Tmax + 2Tmin
3
] (2.83)
T ∈ [Tmax + 2Tmin
3
,
2Tmax + Tmin
3
] (2.84)
T ∈ [2Tmax + Tmin
3
, Tmax] (2.85)
2.3.5 The redundancy and control reconfiguration
As described in previous sections, the hexacopter is a redundancy system owing
to the quantity of actuators n = 6 is more than the quantity of control input
m = 4, thus we can use the characteristic of redundancy system to reconfigure the
faulty system that making the system state satisfy the control target. Further-
more, the control reconfiguration method is different with the task of single rotor
helicopter or quadcopter because of the propulsion parts number. In another view,
the reconfiguration task become easier owing to the redundancy.
In this thesis, we take advantage of the propulsion redundancy to against its
fault. However, the propulsion faulted hexacopter owns its particularity of control
problem which is partial controllable problem. The attitude controllability of a
single-motor broken hexacopter keeps a close relation with the rotational arrange-
ment, thus we will discuss the reconfiguration into two parts which is shown in
Fig. 2.9 corresponding to the controllability of yaw.
Figure 2.9: Control reconfiguration scheme
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Chapter 3
Fault Tolerant Control of
Hexacopter
In this chapter, the fault tolerant control technology introduced in previous sec-
tion will be applied in a single-motor faulted hexacopter system. Before describing
the details of the diagnose block and controller reconfiguration block, the kinetic
model of a normal faultless hexacopter will be proposed. In this research, we
propose two kinds of diagnosis approaches which are current-PWM model based
diagnosis approach and an angle rate estimator by using Kalman filter approach.
Then depend on the fault information form diagnosis block, the reconfiguration
work operate at inner loop which including gyro feedback controller reconfigura-
tion, admissible control set reconfiguration and control allocator reconfiguration
and attitude controller reconfiguration.
3.1 Principle of Hexacopter
Figure 3.1: Roll motion Figure 3.2: Pitch motion
First, the principle of the hexacopter motion is expressed. As shown in Fig.
3.1, there are three axes is defined in the vehicle which called as a body frame.
The front direction and right direction is defined as shown in the figure. It is clear
that each motors is in the completely symmetrical position in the body frame.
For example, the motors in left half of the vehicle increase the rotational speed,
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Figure 3.3: Yaw motion
Figure 3.4: Normal rotational direction
the force generated by them will increase immediately. Thus the torque which is
linear relationship with the force will increase following the force. Until the torque
is unbalanced, the vehicle motion will be changed. the left side will appear upward
trending, and in right direction the horizontal line speed will be generated soon
afterwards. In pitch, the motion principle is similar with roll, the difference is just
generated torque difference by different motors. The image is shown in Fig. 3.2.
The yaw direction is different with roll and pitch. As we known, a rotating rigid
will generate a counter torque which pointing to the opposite direction against
the rigid rotating direction. The normal rotational arrangement of a hexacopter
is shown in Fig. 3.4. The neighbouring motor rotates in opposite direction. For
example, the rotors of number 2, 4 and 6 increase the rotational speed , at the
same time, the rotors of number reduce their rotational speed, the counter-torque
which points to counter clockwise will make the vehicle tuning. However, in this
research, we don’t apply this kind of symmetrical rotational arrangement owing
to the yaw controllability when single motor broken. The details will be proposed
in following section.
3.2 Dynamic of Hexacopter
Firstly, we will establish the rigid body motion and translational motion function
by using Newton’s law of motion. Then, the modeling of angle rate will be proposed
which is applied for model-based controller design in later.
3.2.1 Coordinate systems definition
In order to construct the state space equation of the hexacopter, first, we define
two coordinate systems showed in Fig. 3.5 which is a body-fixed frame Rb :
{ob, xb, yb, zb} with axes originating at the center of mass of the vehicle. The
forward direction of the vehicle is in accordance with the positive direction of the
xb axis and the positive direction of zb axis is perpendicular to the vehicle plane and
points downward. All the raw data from the IMU are described in the body-fixed
frame. An inertial coordinate system Re : {oe, xe, ye, ze} is defined. To simplify
the dynamics, we assume the following
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Figure 3.5: Vehicle body-fixed frame and inertial frame
• The vehicle body is rigid and completely symmetrical.
• Aerodynamic effects and noise are neglected.
• Motor dynamics are neglected; thus, the speed of the motor is assumed to
change simultaneously with the change in the control input.
• The thrust, torque and counter-torque are proportional to the square of the
rotor speed.
3.2.2 Rotational dynamics
The angular position of the body-fixed frame with respect to the inertial frame
is usually defined by means of the Euler angles: rollφ, pitchθ and yawϕ, denoted
as the vector η⃗, The angular velocity vector is denoted as υ⃗.
−→η =
 φθ
ϕ
 (3.1)
−→υ =
 pq
r
 (3.2)
There are seven rigid bodies, comprising the vehicle body and six propellers.
The vehicle body inertia tensor is denoted as Ib and it can be expressed in the
34
body-fixed frame as follows:
Ib =
 I
b
xx 0 0
0 Ibyy 0
0 0 Ibyy
 (3.3)
According to Euler ?s formula, we obtain
Ib−˙→υ +−→υ × Ib−→υ = −→τ (3.4)
with −→τ denoting the resultant torque acting on the vehicle. In this equation,
we neglect the effects of the six propellers and external forces such as wind. With
further calculation, we obtain
 I
b
xxp˙
Ibyy q˙
Ibzz r˙
+
 (I
b
zz − Ibyy)qr
(Ibzz − Ibxx)pr
(Ibyy − Ibxx)pq
 =
 τxτy
τz
 (3.5)
where the vector [τx, τy, τz]
T is the torque against the x,y and z axis of body-
fixed frame.
Linearizing the above formula, we obtain the transfer function of the angular
velocity with respect to the corresponding torque as

p(s)
τx(s)
= 1
Ibxxs
q(s)
τy(s)
= 1
Ibyys
r(s)
τz(s)
= 1
Ibzzs
(3.6)
3.2.3 Translational dynamics
Figure 3.6: Thrust force and torque
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We define a position vector ζ⃗ in Re as
−→
ζ =
 xy
z
 (3.7)
The transformation from the body-fixed frame to the inertial frame is realized
by using a rotation orthogonal matrix R.
R =
 CθCϕ CϕSθSφ − CφSϕ CφCϕSθ + SφSϕCθSϕ CφCϕ + SθSφSϕ CφSθSϕ − CϕSφ
−Sθ CθSφ CθCφ
 (3.8)
where Cθ = cosθ and Sθ = sinθ for the sake of simplicity. As shown in Fig. 3.6
six propellers are used with a force of magnitude fi(i = 1, 2, 3, 4, 5, 6) which acts
along the body-fixed direction ebz = (0, 0− 1) Using Newton?s law of motion and
the air friction factor matrix C, we can derive
mζ¨ +Cζ˙ = Rebz
6∑
i=1
fi +mg (3.9)
where g = (0, 0, 9.80)is the acceleration due to gravity. Now, considering only
the vertical direction, we can rewrite the equation as
mz¨ + Cz z˙ = −
6∑
i=1
cosθcosφ+mg (3.10)
3.2.4 Effectiveness matrix and control allocation matrix
Before explaining the control allocation problem, we describe the model for the
thrust force, reaction torque, and mechanical power consumption of the propellers.
As shown in Fig. 3.6 the rotational speed of the i-th, (i = 1,2,3,4,5,6) motor is ωi ,
while the corresponding thrust force and counter torque acting on the vehicle are
denoted asfi,τi. In our application, the thrust force is proportional to the square
of the rotational speed ωi with the coefficient kf .
fi = kfω
2
i (3.11)
At the same time, the relationship between the torque and rotational speed is
linear, evaluated as
τi = eikτω
2
i (3.12)
Based on these two pivotal linear relationships, we consider the physical pro-
cess from the control target input to the state quantity of the vehicle. This pro-
cess is visualized in Fig. 3.7.where the control reference vector is expressed as
[uthrottle;uroll;upitch;uyaw]
T . The factors uthrottle, uroll, upitch and uyaw are associ-
ated with the throttle, roll, pitch, and yaw inputs to the control allocation block
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Figure 3.7: The control allocation scheme
M¯ ∈ R4×6 respectively. In our hexacopter propulsion system, common motor
drives are used. These control the rotational speed of a brushless DC motor by
changing the duty cycle of a pulse-width modulation (PWM) signal. Thus, the
output of M¯ ∈ R6×4 is the duty cycle Diwhich acts as the control input to the
individual motor drives. One task in this study is deducing the control allocation
expression and applying it to a real vehicle system. However, the motor drive
dynamics is a black box denoted as Γ. For the no-failure case, we can express the
process of Fig. 3.7 in continuous time as

∑
f(t)
τx(t)
τy(t)
τz(t)
 = M¯ΓM

uthrottle(t)
uroll(t)
upitch(t)
uyaw(t)
 (3.13)
According to function 3.11 and 3.12 and defining the distance between the
center of mass of the vehicle and that of motor as l, ei(i = 1, 2, 3, 4, 5, 6)represents
the direction feature. According to Fig. 3.4, M¯is expressed as follows:
M¯ =

kf kf kf kf kf kf
kf l
2
kf l
kf l
2
−kf l
2
−kf −kf l2√
3kf l
2
0 −
√
3kf l
2
−
√
3kf l
2
0
√
3kf l
2
e1kτ e2kτ e3kτ e4kτ e5kτ e6kτ
 (3.14)
The transfer function from the reference control input to the vehicle state is
thus 
∑
f(s)
τx(s)
τy(s)
τz(s)
 = GΓ(s)M¯M

uthrottle(s)
uroll(s)
upitch(s)
uyaw(s)
 (3.15)
where GΓ(s) is the transfer function from the PWM duty cycle to the square
of the motor?s rotational speed. Using function 3.5 nd linearizing the results, we
obtain
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 p(s)q(s)
r(s)
 =

1
Ibxxs
0 0
0 1
Ibyys
0
0 0 1
Ibzzs

 τx(s)τy(s)
τz(s)
 (3.16)
and
∆f(s) = KThrottle
∑
f(s) (3.17)
By substituting functions 3.15, 3.16 and 3.17

∆f(s)
p(s)
q(s)
r(s)
 = GΓ(s)

KThrottle 0 0 0
0 1
Ixxbs
0 0
0 0 1
Iyybs
0
0 0 0 1
Izzbs
 M¯M

uthrottle(s)
uroll(s)
upitch(s)
uyaw(s)
 (3.18)
As a single-input single-output (SISO) system, we obtain
M¯M =

σthrottle 0 0 0
0 σroll 0 0
0 0 σpitch 0
0 0 0 σyaw
 (3.19)
Here, a linearly constrained pseudo-inverse solution is applied to calculate the
control allocation matrix. The values of the parameters σthrottle, σroll, σpitch and
σyaw are chosen arbitrarily. Thus
M = M¯T (M¯M¯T )−1

σthrottle 0 0 0
0 σroll 0 0
0 0 σpitch 0
0 0 0 σyaw
 (3.20)
3.3 Fault Detection of Propulsion Part
As we known, the attitude of drone is changed by varying the rotational speed
of each motor. Further, the varying speed unbalances the static equilibrium of
the thrust which cause the torque in some degree of freedom. However, no matter
what the final statue of the vehicle will be, the dynamic equilibrium of the vehicle
state must be ensure which following the Newton’s law of kinematics. When
mechanical failure or fault occurred in the propulsion part, not only static but
also dynamic equilibrium must be broken because of the vehicle does not know
propulsion hardware status by itself, thus vehicle can not adjust the left motor
speed to compensate the lost thrust which is generated by the faulted motor. More
specifically, the thrust lost will bring the mechanics unbalance which is the fatal
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for aerial vehicle and crash at last essentially. Based on the above description,
if the vehicle can detect self-fault, the self-rescue becomes possible in practical
application. Hence, in this section, the propulsion fault detection will be discussed.
In fact, the component of propulsion part like motor and ESC are considered as
consumptions and their in-service life is confined, therefore the fault risk of motor
or ESC is not neglectable. At the same time, the drone crash reports can also be
seem constantly owning to the components casting. The conclusion can be drawn
that self-detection function is a basic function for all safe, reliable aerial vehicle.
3.3.1 Model-based fault detection approach
Model-based fault detection and isolation technology has been applied in many
industrial fields for long years. Owing to its advantages [40] which are listed follow-
ing, the model-based fault diagnosis technology has been favored from generated.
• Higher diagnosis performance can be obtained, for example smaller and also
more types faults can be detected and the detection time is shorter.
• Diagnosis can be performed over a larger operating range.
• Diagnosis can be performed passively without disturbing the operation of
the process.
• Increased possibilities to perform isolation.
• Disturbances can be compensated for, which implies that high diagnosis
performance can be obtained in spite of the presence of disturbances.
• Reliance on hardware redundancy can be reduced, which means that cost
and weight can be reduced.
The model can be many different types, from logic based models to differential
equations. Depending on the type of model, different approaches of model based
diagnosis can be used. There are two main kinds of model description that is
quantitative model and qualitative model. A detailed definition can be referenced
in [41] and described as:
quantitative model use of static and dynamic relations among system variables
and parameters in order to to describe a system’s behavior in quantitative
mathematical terms.
qualitative model Use of static and dynamic relations among system variables
and parameters in order to describe a system’s behaviour in qualitative terms
such as causalities or if-then rules.
However, the disadvantage of model based diagnosis is also apparently that
a reliable model and possibly a more complex design procedure. Based on the
above advantages, the model based fault detection approach is widely applied in
the aerial robot actuator fault detection task. In this thesis, two kinds of diagnose
approach is proposed which one use the current model based approach and another
is bank of kalman filter observers approach.
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3.3.2 Current model-based diagnose
In multi-rotor helicopter application, brushless DC motor is the most used mo-
tor which as the propulsion part of the multi-rotor helicopter system. Due to their
high efficiency, silent operation, compact form, reliability, and low maintenance.
In this section, we build a quantitative model of the six rotor helicopter propul-
sion part and apply it to detect the fault of the propulsion part. According to
the previous introduction of the diagnose technology, the behavior description of
the propulsion part need be quantitied by using the input and out of the propul-
sion part. First, we propose the dynamic of a common brushless DC motor drive
system which is show in Fig: 3.8.
Figure 3.8: Brushless DC motor driver system
There are three windings and a permanent magnet rotor. Rotor induced
currents can be neglected due to the high resistivity of the both magnets and
stainless steel. No damper winding are modeled the circuit equation of the three
windings in phase variables are obtained. vasvbs
vcs
 =
 Rs 0 00 Rs 0
0 0 Rs

 iaib
ic
+ d
dt
 Laa Lab LacLba Lbb Lbc
Lca Lcb Lcc

 iaib
ic
+
 eaeb
ec
(3.21)
where vas, vbs and vcs stand for the stator phase voltage; Rs is the stator resistance
for each phase; ia, ib and ic are the currents of each stator phase; Laa, Lbb and
Lccare the self-inductance of phase a,b and c; Lab, Lba, Lac, Lca, Lbc and Lcbare
the mutual inductances between each phase; At last, ea, eb and ec are the phase
back electromotive force. There, we assume the resistance of all the winding are
equal that
Laa = Lbb = Lcc = L (3.22)
Lab = Lba = Lac = Lca = Lbc = Lcb = P (3.23)
Hence we can re-write the above two functions as vasvbs
vcs
 =
 Rs 0 00 Rs 0
0 0 Rs

 iaib
ic
+ d
dt
 L P PP L P
P P L

 iaib
ic
+
 eaeb
ec
 (3.24)
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We assume the term back electromotive force ea, eb and ec are have trapezoidal
wave from, thus they can be expressed as eaeb
ec
 = ωiλm
 Ha(θr)Hb(θr)
Hc(θr)
 (3.25)
where ωi is the rotational rate the i-th motor, λm is the flux linkage, θr is the
rotor position in radian. The functions of Ha(θr), Hb(θr) and Hc(θr) is a symbol
function which stand for the direction of the term back electromotive force.
According to the electromagnetic toque in Newton ?s defined as
Te =
eaia + ebib + ecic
ωi(N −m) (3.26)
According to the kinematics of rigid body, we can obtain
J
dθr
dt
+Bωi = Te − Tl (3.27)
where J is the inertia, B is the friction coefficient and Tl is the load torque. The
electrical rotor speed and position are related by
dθr
dt
=
p
2
ωi (3.28)
At last, we can obtain the propulsion part dynamic by using the state-space as
x˙p = Apxp +Bpup +Cpep (3.29)
where
xp =
[
ia ib ic ωi θr
]T
(3.30)
Ap =

Rs
L−P 0 0 −λmJ Ha(θr) 0
0 RsL−P 0 −λmJ Hb(θr) 0
0 0 RsL−P −λmJ Hc(θr) 0
λm
J
Ha(θr) λmJ Hb(θr) λmJ Hc(θr) −BJ 0
0 0 0 p
2
0
 (3.31)
Bp =

1
L−P 0 0 0
0 1L−P 0 0
0 0 1L−P 0
0 0 0 1L−P
 (3.32)
Cp =
 −
1
L−P 0 0
0 − 1L−P 0
0 0 1L−P
 (3.33)
41
up =
[
va vb vc Tl
]T
(3.34)
ep =
[
ea eb ec
]T
(3.35)
According to above the function, we can obtain the motor rotation rate ωi is
associated with the phase current (ia, ib ic), phase voltage (va, vb and vc) and load
torque Tl. Hence, the phase current will variety with these variables. In another
word, we can use the quantitative model of loop current and rotational rate to
estimate the propulsion behavior. This model can be expressed as
i(s) = Gp(v, Tl)ωi(s) (3.36)
By using the built research platform system, we give the visualization of the
relationship between loop current-rotational rate and loop voltage-rotational rate
in time domain which are shown in Fig. 3.9 and 3.10
Figure 3.9: Loop current and rotational rate
Hardware of propulsion system
There are three primary components in the propulsion part of UAVs that in-
cluding brushless DC motor, motor drive and propeller(Fig. 3.11). There are two
kinds of propellers one is clockwise type and another is counter clockwise type.
The specification of each can be referenced as following
42
Figure 3.10: Loop voltage and rotational speed
Figure 3.11: Propulsion system of muti-rotor helicopter
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Motor The Fig. 3.12 shows a image of the motor applied in MS-06LA. This
motor is a customer-made production from other motor maker company. Its ther-
mal performance is well and the effectiveness is satisfying. The specific is listed in
Table. 3.1
Figure 3.12: Motor
Figure 3.13: Platinum 40A PRO of HOB-
BYWING Ltd
Motor driver The motor driver or Electronic Speed Control (ESC) is is an
electronic circuit with the purpose to vary an electric motor’s speed, its direction
and possibly also to act as a dynamic brake. The ESC which is applied in our
propulsion system is a product of HOBBYWING Ltd. The pattern is Platinum
40A PRO which is shown in Fig. 3.13. In order to satisfying the require of the
faster angle velocity response, we both need the ESC could the control the motor
speed in faster frequency and the reliability. Nevertheless, this research could
overcome the ESC failure during the flight mission, but the reliability is one of the
most important criterion in component selection. The spec is in Table. 3.2
Propeller The propeller used in our research platform is made of carbon fiber
owning to the material properties and light weight. The spec is listed in Table.
3.3.
Current and voltage sensor In this application, we need current sensor
to modeling and measure the loop current of six propulsion system. Thus, the
weight, size and measure range should be considered as a high priority. In our
platform, the AttoPiolt voltage and current sense PCB is employed by considering
the maximum voltage and current range of our research platform. The image
of this compact DC voltage and current sense PCB is shown in Fig. 3.14. The
measured current and voltage are exported as analog output. By using the AD
changing function of MCU, the loop current and voltage of each propulsion part
can be measured in real-time. The specification of this sensor is listed in Table.
3.4
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Figure 3.14: AttoPiolt voltage and current sense PCB
Table 3.1: Specifications of motor
Mass 128.6g
Dimensions φ32.0mm×(L)82mm
Kv value 1522RPM/Volt
Motor resistance (Rm) 0.085(Ω)
Max continuous current 40A
Table 3.2: Specifications of Platinum 40A PRO
Mass 38g
Dimensions (W)27mm×(L)59mm×(H)12mm
Input voltage 5.6–25.2.8V
Output current (Continuous) 40A
Table 3.3: Specifications of propeller
Mass 9g
Diameter 13inches (330mm)
Pitch 3.8inches (96.5mm)
Table 3.4: Specifications of AttoPiolt voltage and current sense PCB
Dimensions 4mm×15mm×19mm
Max voltage 51.8V
Max current 89.4A
Analog output scaled 3.3V ADC
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Modeling of propulsion system
Naturally, the dynamic of the ESC which is applied in our platform system is
unknown. Thus we measure the input Di and outputωi in Fig. 3.11 and find the
transform function between these two variables is nearly linear relationship. It can
be expressed as
Di(s) = Kdrωi(s) (3.37)
where Di is the control input to i− th ESC and ωi is the rotational rate of the
i− th motor and Kdr is the proportional coefficient between PWM duty cycle and
motor rotational rate. Substituting the above function to equation 3.36
iˆ(s) = K−1dr Gp(v, Tl)Di(s) (3.38)
Moreover, the load of motor Tl can be considered as a constant owing to the
specification of each propeller is the same. Hence, the above transform function
can be written as following
iˆ(s) = K−1dr KproGp(v)Di(s) (3.39)
where iˆ is the estimated value of loop current, the parameter of Kpro can be
considered as the characteristic coefficient of each propellers. When this parameter
is changed for example propeller lost or partial damaged. The estimated loop
current will changed also. To comparing with the actual value of loop current i
which can be obtained by the current sensor. The motor fault or propeller damage
should be detectable. Then expressed the function in time domain as
iˆ(t) = K−1dr KproŒ(v,Di) (3.40)
We obtain the above function as
iˆ =
 Di
3120
1
0.2596
+ 1.45
× 235− 341.1 + (v − 12.2)× 6.3 (3.41)
At last, we apply the quantitative current model in a real six rotor helicopter
platform and verify the accurateness of this model. The result of faultless case is
shown in Fig. 3.15 and 3.16. And a faulty case is also can be seen in Fig. 3.17 and
3.18 Where the blue line the filtered actual current which is measured by current
sensor and the read data is the estimated current by using current model.
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Figure 3.15: The actual and estimated current in faultless case
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Figure 3.16: The actual and estimated current in faultless case
48
0 2 4 6 8 10 12
0
5
10
15
20
25
Time [s]
Cu
rr
en
t 
[A
]
Observed
Estimated
Figure 3.17: The actual and estimated current in faulty case
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Figure 3.18: The actual and estimated current in faulty case
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Residual evaluation of current model
Now the actual value and estimated value of current have be ready, the structure
of current model based diagnosis system is shown in Fig. 3.19
We apply the test function of Eq. (2.48) to evaluate the health statue of
Figure 3.19: Structure of current-PWM model based diagnosis system
the propulsion system which is monitored. The residual evaluation factor can be
obtained as
δi =
√√√√∑n1 (ˆii − ii)2
n
(3.42)
where
n ≤ f (3.43)
f = 400Hz (3.44)
f is the operational frequency of the inner loop also is the operational frequency
of fault diagnosis process. Then, a binary function ηiis defined by comparing the
output δi to a faulty threshold as
ηi =
{
1, δi < 1
0, δi > 1
(3.45)
i = 1, 2, 3, 4, 5, 6 (3.46)
The output of this binary is used in control re-configuration block. Then, a
comparing results of faulty and faultless case is present in Fig. 3.20 and 3.21.
According to the result, the current-PWM model based diagnosis approach is
proved to be effective and according to the experiment data, the propulsion system
fault can be detected during 1 second.
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Figure 3.20: The residual evaluation factor in faulty case
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Figure 3.21: The residual evaluation factor in faulty case 
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Table 3.5: Parameters of Roll Pitch and Yaw Model
Kr 0.0033717 Kp 0.042782 Ky -0.28685
Tr 0.066918 Tp 0.023865 Ty 1.97789
ζr 0.98732 ζp 0.001229 ζy 0.085453
3.3.3 Diagnosis by using kalman filter observer
The Kalman filter as a powerful tool has been used in many fields. It is a
linear, recursive estimator that produces the minimum variance estimate in a least
squares sense under the assumption of white, Gaussian noise processes. Kalman
filter can be applied in signal precessing, system state estimation and so on . In
this thesis, a faultless model based linear Kalman filter is used for estimate the
angle rates of each DOF. There, the model of each DOF can be expressed as
p(s)
rAieron(s)
=
Kr
1 + 2ζrTrs+ T 2r s
2
(3.47)
q(s)
rElevator(s)
=
Kp
1 + 2ζpTps+ T 2p s
2
(3.48)
r(s)
rRudder(s)
=
Ky
1 + 2ζyTys+ T 2y s
2
(3.49)
(3.50)
by using the system identification toolbox of Matlab, the above parameters of
three transform functions can be obtained as Table. 3.5
The state-space of above models can be expressed as
x˙ =
[
−2ζ
T
− 1
T 2
1 0
]
x+
[
K
T 2
0
]
u (3.51)
y =
[
0 1
]
x+
[
0
0
]
u (3.52)
After convert above model form continuous to discrete time, we can obtain as
x(k + 1) = Amx(k) +Bmu(k) + v(k) (3.53)
y(k) = Cmx(k) + w(k) (3.54)
where v(k) is the system noise and w(k) is the observation noise. Then at time
k, let v(k − 1) = 0the predict step is obtained as
xˆ−(k) = Amxˆ(k − 1) +Bmu(k − 1) (3.55)
P−(k) = AmP(k − 1)AmT +Q (3.56)
Then the Kalman filter gain can be obtained as
G(k) = P−(K)CmT
(
CmP
−(k)CmT +R
)−1
(3.57)
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The estimated state can be obtained as
xˆ(k) = xˆ−(k) +G(k)
(
y(k)−CmT xˆ−
)
(3.58)
The update the estimate covariance as
P(k) =
(
I−G(k)CmT
)
P−(k) (3.59)
where in our application Q and R are given by Q = 1, R = 100 and the initial
state of system is given by x(0) = 0 and P (0) = 0.
At last, we can use the state-space model of Kalman filter as
xˆ−(k + 1) = Amxˆ(k) +Bmu(k) (3.60)
= Am[xˆ
− +G(k)(y(k)−CmT xˆ−(k))] +Bmu(k) (3.61)
= Am(I−GCmT )xˆ− +
[
Bm AmG
] [ u(k)
y(k)
]
(3.62)
The output can be obtained as
yˆ(k) = Cm
T [xˆ− +G(y(k)−Cmxˆ−(k))] (3.63)
= Cm
T (I−GCmT )xˆ−(k) +CmTGy(k) (3.64)
= Cm
T (I−GCmT )xˆ−(k) +
[
0 Cm
TG
] [ u(k)
y(k)
]
(3.65)
where u(k) is the control input rAieron(k), uElevator(k) and uRudder(k). y(k) is
the angel rate p(k),q(k) and r(k) which is measured by gyro sensor. Hence, three
attitude estimators are generated to predict the angles of each DOF. The structure
of these diagnosis approach is shown as Fig. 3.22
Figure 3.22: Structure of Diagnosis with Attitude Estimators
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3.4 Control Reconfiguration
As described in Chapter 2, the hexcopter owns the more quantity of actuator
than the control input, thus we call this kind of system as a redundancy system.
If a single-fault occurred in propulsion system of hexcopter. Thus the advantage
of the propulsion redundancy should be applied to against the faulty situation.
Before starting the control reconfiguration work, the controllability under single-
fault should be mentioned.
3.4.1 Controllability with rotational arrangement
As we know, when a motor rotates with a fixed axis, a reaction torque also be
produced which opposing to the rotational direction of motor. In order to keep
the azimuth angle stable, the sum of the reaction torque in two different directions
should be equal. When the sum of reaction torque in one direction(clockwise
or counter-clockwise) is bigger than another, the yaw angle will be changed .
Whereupon, the controllability of yaw has a strong association with the sum of
reaction torque. Normally, the motor rotational layout is shown in Fig. 3.23.
The rotational direction of contiguous motors is converse. This kind of rotational
arrangement is most widely accepted and applied because the symmetry always
meaning efficient and simple. However, using this kind of symmetrical rotational
arrangement will bring a new conundrum that the controllability will lose when
arbitrary motor is stopped. In [3] give a structural reconfigurability analysis of “Y”
type hexacopter in one motor is isolated. This conclusion also can be applicable
in “X” type frame which is used in this thesis. Obviously, a non-symmetrical
rotation arrangement , as shown in Fig. 3.24, was proposed in [28]. The author
proposed an asymmetrical arrangement in which the directions of rotors 5 and 6
oppose their usual arrangements. Using this rotation arrangement, the yaw angle
is controllable in the cases where rotors 2, 3, 4, or 5 are stopped. The authors
of [28] improved the controllability of a vehicle depending on the individual rotor
that is broken; The analytical method for the controllability of the vehicle, despite
actuator failure, is expounded in [31]. The re-configurability analysis method
of the hexacopter shows that, regardless of the system ?s parameters, the re-
configurability of the hexacopter strongly depends on the configurations of the
clockwise and counterclockwise rotating rotors. In Table. 3.6, the mark× indicates
that the corresponding rotor is stopped, and the letters “Roll”,”Pitch” and “Yaw”
indicate the controllability of roll, pitch, and yaw, respectively. Therefore, “’Roll
Pitch Yaw’ indicates that roll, pitch, and yaw are all controllable. Similarly, “Roll
Pitch” indicates that roll and pitch are controllable, but yaw is uncontrollable.
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Figure 3.23: Common motor rotational
arrangement
Figure 3.24: Asymmetrical rotational ar-
rangement
Table 3.6: Controllability when single a rotor is broken of asymmetrical rotational
arrangement
Rotor1 Rotor2 Rotor3 Rotor4 Rotor5 Rotor6 Controllable
× Roll Pitch
× Roll Pitch Yaw
× Roll Pitch Yaw
× Roll Pitch Yaw
× Roll Pitch Yaw
× Roll Pitch
Table 3.7: Controllability when single a rotor is broken of symmetrical rotational
arrangement
Rotor1 Rotor2 Rotor3 Rotor4 Rotor5 Rotor6 Controllable
× Roll Pitch
× Roll Pitch
× Roll Pitch
× Roll Pitch
× Roll Pitch
× Roll Pitch
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For a hexacopter, there are 22 possible fault combinations in which at least
four rotors remain operational. Roll, pitch, and yaw remain controllable in some
circumstances in which two rotors are isolated simultaneously. The probability
of two rotors failing at once is very small, and the allocation problem is similar
to that of a normal quadcopter in this case. Thus, only the one-rotor-failure
condition with all degrees controllable is discussed in this study. In the previous
section, the vehicle body is described as a completely symmetrical rigid body;
thus, failures of rotors 2 and 3 are similar to failures of rotors 4 and 5, the specifics
of which are found by exchanging the corresponding rows of . In summary, the
following single-rotor failure states are investigated in this study. However, in oder
to distinguish with the controllability of individual rotor broken hexacopter with
normal rotational arrangement. The controllability as presented in 3.7
The probability of failure of multiple rotors at the same time is low, and the
controllability of such a situation is almost impossible; thus, in this paper, we
discuss only the single rotor failure condition. Six single rotor failure states are
enumerated in 3.6.
In view of the two situations that the controllability of yaw above, the control
reconfiguration should adapt different faulty situations According to the position
of the faulted motor to adjust reconfiguration countermeasures. Hence, the control
reconfiguration task is divided into parts, one is consort for the situation which
yaw is controllable, another can handle the uncontrollable yaw situation. In this
thesis, this two kinds of situations can be specific as two fault groups as following:
Group of controllable yaw : Rotor 2, Rotor 3, Rotor 4 and Rotor 5
Group of uncontrollable yaw Rotor 1 and Rotor6
Hence, the fault tolerant control block is also designed to adjust above two
groups. One can control all the degrees of freedom. Another is called as reduced
attitude control by abandoning the controllability of yaw.
3.4.2 Structure of inner loop
First, we give a outline of the structure which from the ESC to vehicle motion
which is shown in Fig. 3.26. The each motor rotational rate is changed by the
PWM duty-rations are generated by the lower-level MCU, the according to the
geometric structure of the vehicle frame, the total force and the corresponding
torque act on the vehicle as well as the total counter torque acts on the yaw
direction. The attitude will be changed by these effects. With a view to the
dynamic of the ESCs is unknown, the dynamic of whole process from PWM to
motion of vehicle in faultless case is denoted as GΓ(s) which is defined at the
beginning of this chapter.
The whole gyro feedback loop is shown in Fig. 3.26. The propulsion dynamic
is included in the whole system. The roll,pitch and yaw angle rate is controlled
respectively, the throttle operation is just used a proportion gain. The reference
control input from remote controller or higher-level controller. After allocating,
the physical state of vehicle is varied with the control input changing. At the same
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Figure 3.25: Process from PWM to vehicle motion
Figure 3.26: Process from control input to vehicle motion
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time, the filtered roll, pitch and yaw angle rate which are measured by gyroscope
feedback to the inner loop controller.
3.4.3 Inner loop controller design
Figure 3.27: PID controller structure of inner loop
In inner loop, we apply a PID controller with multi group gain scheme, the
structure is shown in Fig. 3.27. This PID controller assemble a multi group gain
scheme to adapt the different faulty situation of propulsion part by using the fault
information factor ηi. In faultless situation, the inner loop can be expressed as
ufaultless(s) =
[
KfaultlessP e(s) +
KfaultlessI
s
+KfaultlessD s
]
e(s) (3.66)
e(s) = r(s)− y(s)
s
(3.67)
In faulty situation. we define an inverse function of ηi which denoted as η˜i
η˜i =
{
1 (ηi = 0)
0 (ηi = 1)
(3.68)
i = 1, 2, 3, 4, 5, 6 (3.69)
Hence, the inner loop dynamic can be derived as
ufaulty(s) = η˜i
[
KfaultyP e(s) +
KfaultyI
s
+KfaultyD s
]
e(s) (3.70)
where
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η˜i =
[
η˜1 η˜2 η˜3 η˜4 η˜5 η˜6
]
(3.71)
KfaultyP =
[
K1P K
2
P K
3
P K
4
P K
5
P K
6
P
]T
(3.72)
KfaultyI =
[
K1I K
2
I K
3
I K
4
I K
5
I K
6
I
]T
(3.73)
KfaultyD =
[
K1D K
2
D K
3
D K
4
D K
5
D K
6
D
]T
(3.74)
(3.75)
The above six groups of PID gains are pre-trained and stored in the flash of
autopilot system. The system can adjust the optimal inner loop gains by the fault
information from diagnosis block.
3.4.4 Multi-group explicit control allocation scheme
In another sense, the output of the fault diagnosis scheme is ηi(i=1,2,3,4,5,6),
which is a factor describing the status of each propulsion part. The value of ηi is
defined as follows:
• If ηi=1,there is no failure in the detected part.
• If ηi=0,there is a failure in the detected part.
Adding the propulsion system status factor ηi to the efficient matrix M¯ we obtain
M¯ =

kfη1 kfη2 kfη3 kfη4 kfη5 kfη6
kf l
2
η1 kf lη2
kf l
2
η3 −kf l2 η4 −kfη5 −kf l2 η6√
3kf l
2
η1 0 −
√
3kf l
2
η3 −
√
3kf l
2
η4 0
√
3kf l
2
η6
e1kτη1 e2kτη2 e3kτη3 e4kτη4 e5kτη5 e6kτη6
 (3.76)
Substituting equation 3.76 into 3.20, we get
M¯(ηi)M(ηi) =

σthrottle |ηi=0 0 0 0
0 σroll |ηi=0 0 0
0 0 σpitch |ηi=0 0
0 0 0 σyaw |ηi=0
 (3.77)
The static controllability of the vehicle is determined, as shown below, using
a method based on the construction of the attainable control space (ACS). An
ACS is a subspace of the thrust force-roll-pitch-yaw torque space, which defines
the limits of the thrust and torque that can be allocated when the motors satisfy
their rotation speed constraints. In the asymmetrical application considered in
this study, the direction factor of the control effectiveness matrix M¯(ηi) is
e =
[
1 −1 1 −1 −1 1
]
(3.78)
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M¯ =

kfη1 kfη2 kfη3 kfη4 kfη5 kfη6
kf l
2
η1 kf lη2
kf l
2
η3 −kf l2 η4 −kfη5 −kf l2 η6√
3kf l
2
η1 0 −
√
3kf l
2
η3 −
√
3kf l
2
η4 0
√
3kf l
2
η6
kτη1 −kτη2 kτη3 −kτη4 −kτη5 kτη6
 (3.79)
M¯(ηi) = ¯M(ηi)
T
( ¯M(ηi) ¯M(ηi)
T
)−1 (3.80)
×

σthrottle |ηi=0 0 0 0
0 σroll |ηi=0 0 0
0 0 σpitch |ηi=0 0
0 0 0 σyaw |ηi=0
 (3.81)
The motor rotational speed is limited as follows
ω2min ≤ ω2i ≤ ω2max (3.82)
The ACS is obtained by mapping the boundary of the motor constraint set to
a virtual control set with the control allocation matrix using a multiparametric
toolbox (MPT) [5]. For each motor, the ACS should be constrained within the
range of function 3.82; thus, we obtain

ω2min
ω2min
ω2min
ω2min
ω2min
ω2min

≤ ΓM

uthrottle
uroll
upitch
uyaw
 ≤

ω2max
ω2max
ω2max
ω2max
ω2max
ω2max

(3.83)
We analyzed the control allocation task with a motor speed constraint by using
a physical model and expressed it as inequalities in 3.83. However, in the actual
control loop, we used an identified model. All the parameters of this process were
normalized and expressed as

Γ−1ω2min
Γ−1ω2min
Γ−1ω2min
Γ−1ω2min
Γ−1ω2min
Γ−1ω2min

≤M

uthrottle
uroll
upitch
uyaw
 ≤

Γ−1ω2max
Γ−1ω2max
Γ−1ω2max
Γ−1ω2max
Γ−1ω2max
Γ−1ω2max

(3.84)
Then we obtain
umin
umin
umin
umin
umin
umin

≤

.1 0 2 1
1 −√3 1 −1
1 −√3 −1 1
1 0 −2 −1
1
√
3 −1 −1
1
√
3 1 1


uthrottle
uroll
upitch
uyaw
 ≤

umax
umax
umax
umax
umax
umax

(3.85)
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where umin and umax correspond to the minimum and maximum control equiv-
alent for the motor drive. Because the roll, pitch, and yaw directions are indepen-
dent of each other, the inequalities in 3.85 can be changed to
umin ≤ uthrottle + 0uroll + 2upitch + uyaw ≤ umax
umin ≤ uthrottle −
√
3uroll + upitch − uyaw ≤ umax
umin ≤ uthrottle −
√
3uroll − upitch + uyaw ≤ umax
umin ≤ uthrottle + 0uroll − 2upitch − uyaw ≤ umax
umin ≤ uthrottle +
√
3uroll − upitch − uyaw ≤ umax
umin ≤ uthrottle +
√
3uroll + upitch + uyaw ≤ umax
(3.86)
Roll and pitch control are critical for the safety of the vehicle. The vehicle
will crash if these parameters are not control. However, yaw control is not a
strict requirement. Thus, in this research, roll and pitch are prioritized over yaw.
In order to calculate the ACS of roll and pitch, first, we consider the situation
uyaw = 0 . We can rewrite 3.86 as
{
2 |upitch| ≤ min {uthrottle − umin, umax − uthrottle}√
3 |uroll|+ |upitch| ≤ min {uthrottle − umin, umax − uthrottle} (3.87)
Based on the above inequalities, we can calculate the maximum attainable
range of roll and pitch input when uthrottle is varied. For every calculation step,
the reference input of uthrottle is a known amount and can be constrained during
(umin, umax) The maximum attainable value of uroll and upitch can also be confirmed
by using 3.87. For example, at time k
uthrottle = uthrottlek (3.88)
αk = min {uthrottlek − umin, umax − uthrottlek} (3.89)
|upitchk |max =
αk
2
(3.90)
|urollk |max =
√
3
6
αk (3.91)
We can get a maximum attainable control space of {uroll, upitch} denoted by
ΘRP . We used this ACS to constrain the current reference control input of
{uroll, upitch} and prevent saturation. Finally, by using an MPT [5], we can vi-
sualize the convex of varying with respect to . The result is shown in Fig. 3.28
This holds true provided uyaw = 0 . In practice, it is desirable to maintain
a certain control authority in yaw. However, the controllability of roll and pitch
must be guaranteed; according to 3.85, the larger the value of uyaw, the smaller is
the value of uroll and upitch . Thus, we propose to give a certain control authority
margin for the direction of yaw.
|uyaw| ≤ uyawmax (3.92)
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Figure 3.28: Admissible cobvex
We need to redefine α as
α = min {uthrottle + uyaw − umin, umax − uthrottle − uyaw} (3.93)
Using above multi-group explicit control allocation scheme, The divided two
control groups can be handled by fault tolerant control blocks. At last, we give all
the parameters of inner loop and control allocation matrix which are corresponding
to each faulty situations of propulsion part.
η1 = 0 η2 = 0 η3 = 0 η4 = 0 η5 = 0 η6 = 0
KfaultyP 60 44 36 52 37 65
KfaultyI 70 49 83 65 30 29
KfaultyD 21 21 13 30 30 29
η1 = 0 (3.94)
Mη1 =

0 0 0
1.5 1.734 0
1.5 0 2
0 0 0
1.5 1.734 0
1.5 0 2

(3.95)
η2 = 0 (3.96)
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Mη2 =

1.667 −1.347 1 1.5
0 0 0 0
1.667 −1.347 −1 −1.5
1 0.577 −1 1.5
0.667 1.539 0 1.5
1 0.577 1 −1.5

(3.97)
η3 = 0 (3.98)
Mη3 =

0.527 −1.12 1.465 0.703
1.933 −1.22 −0.938 −0.410
0 0 0 0
1.582 0.102 −1.582 0.117
0.879 1.016 0.117 0.178
1.055 1.219 0.938 −0.586

(3.99)
η4 = 0 (3.100)
Mη4 =

1.055 −1.219 0.938 0.586
0.879 −1.016 0.117 −0.178
1.582 −0.102 −1.582 −0.117
0 0 0 0
1.933 1.22 −0.928 0.410
0.527 1.12 1.465 −0.703

(3.101)
η5 = 0 (3.102)
Mη5 =

1 −0.577 1 1.5
0.667 −1.539 0 −1.5
1 −0.577 −1 −1.5
1.667 1.347 −1 1.5
0 0 0 0
1.667 1.347 1 −1.5

(3.103)
η6 = 0 (3.104)
Mη1 =

1.5 0 2
1.5 1.734 0
0 0 0
1.5 0 2
1.5 1.734 0
0 0 0

(3.105)
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3.5 Fault Tolerant Control Logic and Experiment
Figure 3.29: The structure of fault tolerant control scheme
The structure of the fault tolerant control scheme is shown in Fig. 3.5. It is
worth noting that the block named “Controller” contains the inner loop controller
and high-level controller. Where the diagnosis block use system input and output
to estimate the system state in faultless situation. Afterward, according to the
fault factor ηi, the reconfiguration block can switch to the optimal control alloca-
tion approach and optimal controller gains automatically. The logical process of
proposed fault tolerant control scheme can be confirmed as following
The effectiveness of the control allocation algorithm is verified in the inner
loop, which is the gyro feedback control loop. This is the basis of automatic flight
under propulsion failure. We verify that rotor 2 or 3 suffers failures, so that only
five actuators are working, and test the controllability of each degree of freedom.
The result is recorded in Figs. 3.32 and 3.35. In Fig. 3.32 and 3.35, all actual
angular velocities track the control input from the remote very well. This indicates
that the control allocation algorithm works effectively against the failures of rotor
2 or 3. Notably, failure of rotor 4 or 5 shows behavior extremely similar to that
under failure of rotor 2 or 3 because of the symmetry.
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Figure 3.30: (a)
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Figure 3.31: (b)
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Figure 3.32: (c)Angle velocity control input and output of inner loop when rotor
2 is stopped in manual
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Figure 3.33: (a)
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Figure 3.34: (b)
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Figure 3.35: (c)Angle velocity control input and output of inner loop when rotor
3 is stopped in manual
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Chapter 4
Modeling of Attitude and
Controller Design
In this chapter, we would like to use the fault tolerant theory that introduced
above to design the flight controller including the fault tolerance against propulsion
system. We applied linear and nonlinear control theory to design two kinds of
flight controllers which are Linear-quadratic-integral(LQI) controller and Model
reference sliding mode control (MRSMC) controller. However, because of the
robustness difference between these two control approaches, we adopt a multi
model scheme to against the model changing by individual motor isolation in LQI
controller. Nevertheless, due to the strong robustness characteristic of MRSMC,
the model difference almost can be ignored. We will present the performance
divergence of these two controllers in next chapter. In this chapter, introducing
the modeling and controller design is main work.
4.1 Modeling
The approximation between quantitative model and real plant characteristic is
essential. However, due to many external factors such as external disturbance,
individual difference of sensors and vehicles, sidedness of modeling data and so on.
It is difficult to use a mathematical equation to describe all the system property
especially when fault occurred. First, we give the attitude and altitude model of
a faultless “X” type six rotor helicopter.
4.1.1 Modeling of Roll and Pitch
Now, we consider the dynamic from the control command of roll and pitch to
the angle rates observed by gyro sensor. We assume the transform function is third
order as
p(s)
rAieron(s)
=
Kφω
2
φ
(Tφs+ 1)
(
s2 + 2ζφωφs+ ω2φ
) (4.1)
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The attitude angle can be integrated by angle rate, thus the the transform
function from roll angle to control command can be obtained as
φ(s)
rAieron(s)
=
Kφω
2
φ
s (Tφs+ 1)
(
s2 + 2ζφωφs+ ω2φ
) (4.2)
In faultless situation, the dynamic of pitch can be considered similar to roll.
Hence, the transform function from pitch angle to control command can be ob-
tained as
θ(s)
rElevator(s)
=
q(s)
srElevator(s)
=
Kφω
2
φ
s (Tφs+ 1)
(
s2 + 2ζφωφs+ ω2φ
) (4.3)
.
The we can obtain the state-space as

x˙1
x˙2
x˙3
x˙4
 =

−2Tφζφωφ+1
Tφ
−Tφω
2
φ+2ζφωφ
Tφ
−ω
2
φ
Tφ
0
1 0 0 0
0 1 0 0
0 0 1 0


x1
x2
x3
x4
+

Kφω
2
φ
Tφ
0
0
0
u(4.4)
[
y1
y2
]
=
[
0 0 1 0
0 0 0 1
] 
x1
x2
x3
x4
+
[
0
0
]
u (4.5)
.
where y1 is the angle rate of roll and pitch, y2 is the angle of roll and pitch.
Then, the result of the model response, the bode diagram and the poll-zero place-
ment is shown in Fig. 4.1, 4.2 and 4.3
4.1.2 Modeling of Yaw
We assume the transform function is a second order form and can be expressed
as
r(s)
rRudder(s)
=
Kϕω
2
ϕ
s2 + 2ζϕωϕs+ ω2ϕ
(4.6)
The yaw angle can be integrated by yaw angle rate, thus the the transform
function from roll angle to control command can be obtained as
ϕ(s)
rRudder(s)
=
Kϕω
2
ϕ
s
(
s2 + 2ζϕωϕs+ ω2ϕ
) (4.7)
Then, the state-space can be expressed as
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Figure 4.1: Attitude Model
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Figure 4.2: Bode diagram of attitude model
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Figure 4.3: Poll-zero placement of attitude model
 x˙1x˙2
x˙3
 =
 −2ζϕωϕ −ω
2
ϕ 0
1 0 0
0 1 0

 x1x2
x3
+
 Kϕω
2
ϕ
0
0
u (4.8)
[
y1
y2
]
=
[
0 1 0
0 0 1
]  x1x2
x3
+ [ 0
0
]
u (4.9)
where y1 is the yaw angle rate and y2 is yaw angle. The related features of
modeling are shown
4.1.3 Modeling of Altitude
We assume the transform function form control command to the acceleration
parallel to the direction of gravity is a second order form as
az(s)
rThrottle(s)
=
Kzs
(Tzs+ 1)
(
s+ cz
m
) (4.10)
After double integral, we can obtain the transform function form position to
control command
z(s)
rThrottle(s)
=
Kz
s (Tzs+ 1)
(
s+ cz
m
) (4.11)
Then, the state-space can be obtained as x˙1x˙2
x˙3
 =
 −
1
Tz
( cz
m
+ 1) 1
Tz
cz
m
0
1 0 0
0 −1 0

 x1x2
x3
+

Kz
Tz
0
0
u (4.12)
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Figure 4.5: Bode diagram of yaw model
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Figure 4.6: Poll-zero placement of yaw model
[
y1
y2
]
=
[
0 1 0
0 0 1
]  x1x2
x3
+ [ 0
0
]
u (4.13)
where y1stands for the acceleration in z axis, y2 is the altitude.
0 10 20 30 40 50 60 70
time [s]
-8
-6
-4
-2
0
2
4
6
G
ro
un
dZ
Ac
c 
[m
/s
Measured Output
Simulated Model
Figure 4.7: Altitude Model
76
)
]2
-70
-65
-60
-55
-50
-45
-40
-35
-30
M
ag
ni
tu
de
 (d
B)
10-3 10-2 10-1 100 101 102
-90
-45
0
45
90
Ph
as
e 
(de
g)
Frequency  (Hz)
Figure 4.8: Bode diagram of altitude model
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
-3
-2
-1
0
1
2
3
0.740.840.91
0.96
0.99
0.220.420.60.740.840.91
0.96
0.99
2468
0.220.420.6
10
-1
Real Axis (seconds )
-
1
Im
ag
in
ar
y 
Ax
is 
(se
co
nd
s )
Figure 4.9: Poll-zero placement of atitude model
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4.2 Linear Quadratic Integral Control
In this section, we describe the controller. In our application, the optimal control
theory is applied, and an analytical model-based controller [24] is implemented for
each hexacopter that loses rotor 1 or 4 and the hexacopter that loses rotor 5 or
6; the system employs a slow outer loop for controlling the altitude, velocity, and
position of the vehicle and a fast inner loop with gyro feedback to stabilize the
attitude. The inner loop uses a high-efficiency PID controller with a low pass filter.
The difference in the roll and pitch directions can be ignored. Based on the above
transfer functions, we can design an optimal controller. For ease of control, the
LQI control method is applied. We can rewrite the above function to state space
equation as
x˙ = Ax+Bu (4.14)
y = Cx ∈ Rr (4.15)
Where x ∈ Rn and y ∈ Rr To enhance the controller performance in tracing the
input, a new state variable is constructed as the integral value of the displacement
error.
xr(t) =
∫ t
0
(y(t)− r(t)) dt (4.16)
The following expansion system is established
x˙a(t) =
[
x˙(t)
x˙r(t)
]
=
[
A 0
−C 0
] [
x(t)
xr(t)
]
+
[
B
0
]
u(t) +
[
0
I
]
r(t) (4.17)
where x˙a(t) is the state variable of the expanded system, r(t) is the reference
input, and I s the identity matrix, and we define
A∗ =
[
A 0
−C 0
]
(4.18)
B∗ =
[
B
0
]
(4.19)
The LQI control corresponds to the optimal control problem of the system
described above in terms of the quadratic form of the criterion function.
J =
1
2
∫ ∞
0
[
xTa (t)Qxa(t) + u
T (t)Ru(t)
]
dt (4.20)
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Because the optimal control determines the control input u(t) to minimize the
function, we have the Hamiltonian function.
H =
1
2
xTaQxa(t) +
1
2
Ru(t) + λT [A∗xa(t) +B∗u(t)] (4.21)
Then, the adjoint equation and the boundary condition can be obtained.
λ˙(t) = −∂H
∂xa
= −A∗T (t)λ(t)−Qxa(t) (4.22)
λ(T ) = Sxa(T ) (4.23)
−∂H
∂u
= Ru(t) +B∗T (t)λ(t) = 0 (4.24)
With the condition that R is positive, the control input can be obtained.
u(t) = −R−1B∗T (t)λ(t) (4.25)
Assume that the relationship between λand the state variables xa(t) can be
expressed as
λ(t) = Pxa(t) (4.26)
Matrix P can be obtained from the Riccati equation.
PA∗ +A∗TP−PB∗R−1B∗TP+Q = 0 (4.27)
Replacing λ(t) in equation 4.25 and by using 4.26, the feedback gain can be
given F as follows, and the control input is obtained subsequently.
F =
[
F1 F2
]
= R−1B∗TP (4.28)
u(t) = −F1x(t)− F2xr(t) = −F1x(t)− F2
∫ t
0
e(t)dt (4.29)
Because the controller is based on the state feedback, it is necessary to observe
all the state conditions. In the altitude model obtained above, there are three
state variables. Although the acceleration and altitude can be measured using the
onboard sensors, one state variable still cannot be observed. Therefore, a Kalman
filter is applied to estimate the unknown variable. It can also filter the noise
simultaneously, which results in improved signal-to-noise ratio. The FDI scheme
is an independent part, which belongs to the autopilot system; because the control
allocation calculation process occurs in the inner loop, the system can choose
the optimal allocation algorithm autonomously based on the current condition
of the hexacopter. The outer loop undertakes complex calculation tasks such
as GPS navigation and attitude calculation. The other members of our research
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group designed the outer loop using an analytical model-based method to track the
attitude of the vehicle. Thus, the validation of the control allocation algorithm is
divided into two parts. One uses only the inner loop control to ensure the working
of the angular velocity feedback and the stability of the attitude. The other one
is tested in the GPS navigation mode to verify the effectiveness of the allocation
algorithm in each control loop.
4.2.1 Model switching of LQI in propulsion fault occurred
The above controller is a plant modeling based linear controller, thus when
individual propulsion part is isolated by the re-configuration block, it will bring a
plant model diversification. In order to keep the model accuracy, the each models
in different faulty situations are quantified in advance and re-configuration blocks
can switch to the model which is corresponding to current situation by the fault
information. Eq.(4.18) and (4.19) propose a faultless situation solution. They can
be re-defined as
A = η˜i

Af1
Af2
Af3
Af4
Af5
Af6

(4.30)
B = η˜i

Bf1
Bf2
Bf3
Bf4
Bf5
Bf6

(4.31)
where Afi and B
f
i express the plant model of each faulty situation, and they are
stored in auto pilot memory. Then multi-group model will be switched immediately
after diagnosis block action.
4.3 Model Reference Sliding Mode Control
Sliding mode control [32] [33] is a nonlinear control technique featuring remark-
able properties of accuracy, robustness, easy tuning, and simple implementation.
These features satisfy our research perfectly. Because the failure situation differs
in this model, the physical model will also differ in behavior. Traditional control
methods must address the problem of control gain uncertainty; therefore, we must
train each gain corresponding to each failure state mentioned previously. If an
unpredictable failure occurs in the system, the controller may be unable to main-
tain the vehicle behavior. Thus, passive approaches like SMC are feasible for our
application [34].
Sliding Mode Control systems are designed to drive the system states onto the
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sliding surface which is the desired state of the plant. SMC will keep the system
state near this sliding surface since the system state once reached the sliding sur-
face. Hence, the sliding mode controllers design are divided into two parts. The
design of a sliding surface is considered as the first step which make the sliding
motion satisfies the design specifications. Then, the second step is to design a
control law that makes the system state can track sliding surfaces well.
In our application, when a single propulsion fault is detected and isolated, the
plant varieties following the performed fault diagnosing scheme. However, from a
practical point of view, SMC allows for the control of a nonlinear processor subject
under external disturbances and model uncertainties. Hence, we redesign the core
controller from LQI to SMC and attempt to demonstrate the superiority of the
new controller.
Figure 4.10: Block diagram of MRC
Another important part of the applied control system is the design of a ref-
erence model. It is widely accepted that model reference control (MRC) has been
applying extensively. Not only simple mechanical structures but also complicated
robotic manipulators also can found model reference control. For a servo system,
the strong disturbance rejection and good command response are considered as
indispensable requirements in order to providing a accurate control. A convenient
method to provide specifications for a servo system is to using an model reference
control structure. The advantage of applying a model reference control is that
the servo problem can be separated with the control system design. According
to the command signal the desired response of the system can be specified by
the reference mode. This desired response is as a reference signal to the feedback
loop. There is a simplified model reference control structure in Fig. 4.10. The
controller drives the error between the plant output and reference model to keep
zero. Thus we need a feedback controller which has the characteristic of be in-
sensitive to external disturbances and plant uncertainties. In another word, the
strong robustness of the core control should keep the error zero. Hence, the sliding
mode controller is applied owing to its robustness. In this chapter, we introduce
the design of the MRSMC for our hexacopter system.
4.3.1 Plant
The state space of the hexacopter can be expressed as follows:
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{
x˙(t) = Ax(t) +Bu(t)
y(t) = Cx(t)
(4.32)
where the state variable vector x ∈ Rn,output vector y ∈ Rr, control input
vector u ∈ Rm, system matrix A ∈ Rn×m, control matrix B ∈ Rm×n, and output
matrix C ∈ Rr×n. Unfortunately, because of unpredictable external disturbances
and uncertainties of the plant, it is almost impossible to construct an analytical
model of the hexacopter plant to build the control structure. Consequently, we
regard the vehicle as a black box and derive the transfer function with the MAT-
LAB system identification tool, using the input and output data obtained from
experimentation.
4.3.2 Reference model design
We define a reference model where the states correspond to the states of the
identified model as
{
x˙m = Amxm +Bmr
ym = Cmxm
(4.33)
with the same dimensions as function 4.32. r represents the command input.
By using
Cm = C (4.34)
e = x− xm (4.35)
the error dynamics of the feedback control loop is derived, using functions4.32
and 4.33
e˙ = Ame+ (A−Am)x+Bu−Bmr (4.36)
The model matching condition is assumed as
Am −A = BK1 (4.37)
Bm = BK2 (4.38)
Then, substituting function 4.34 into 4.36
e˙ = Ame−B (K1x+K2r− u) (4.39)
By using B+ which is the Moore-Penrose matrix inverse of B, K1 can be
expressed as
K1 = B
+ (Am −A) (4.40)
82
However, the output of the reference model ym is settled to r if the DC gain is
adjusted to 1. We allow the steady state value of the reference model to become 1
to derive the Bm. As time approaches infinity, the DC gain of the reference model
converges to 1; thus, we obtain
K2 =
(
−CmA−1m B
)−1
(4.41)
Then,
Bm = BK2 = B
(
−CmA−1m B
)−1
(4.42)
Amis decided by training the parameters as
Am =
 −a1 −a2 −a31 0 0
0 1 0
 (4.43)
4.3.3 Feedback loop design
Figure 4.11: Block diagram of MRSMC
The control structure of our MRSMC is shown in Fig. 4.11. The control goal
is to reduce the tracking error ey
lim
t→t0
ey = 0 (4.44)
Consequently, we use a new state ε
ε˙ =
∫
eydt = y − ym (4.45)
Then, the augmented system is described as
e˙s =
[
e˙
ε˙
]
=
[
Am 0
Bm 0
] [
e
ε
]
+
[
B
0
]
us (4.46)
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For the error system, the switching function σ ∈ R
σ = Ses (4.47)
σ˙ = SASeS − SBS (K1x+K2r− u) (4.48)
When the plant is restricted on the sliding surface, we obtain
σ = σ˙ = 0 (4.49)
Consequently, the equivalent ul = u is given by
ul = − (SBs)−1 SASeS +K1x+K2r (4.50)
Substituting into above function 4.50, we obtain
e˙S =
{
I−BS (SBS)−1 S
}
ASeS (4.51)
To stabilize the above system of function 4.51 to zero, the optimal control
approach is applied and a feedback gain vector F is selected as the hyperplane S
. P is the solution of the Riccati equation and is satisfied as SBS > 0
F = S = BTSP (4.52)
PAS +A
T
SP−PBSBTSP+Q = 0 (4.53)
SMC is distinguished by the nonlinear term
unl = Kf (σ) (4.54)
Where K is a switching amplitude and f (σ) is a smoothing function, which is
expressed as
f (σ) =
σ
|σ|+ δ (4.55)
where δ is the weight of the smoothing function. Around the switching line, the
smoothing function can generate high gain while sustaining sufficient robustness.
In another view, in our platform system, only the output data can be observed,
thus, a Kalman filter is designed to estimate the state variables that can’t be
observed directly. Hence, we denote the estimated state variables as xˆ , which is
also the output of the Kalman filter, and e is
e = xˆ− xm (4.56)
There is a over view(Fig. 4.12) of the system which contains the diagnosis and
reconfiguration blocks.
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Figure 4.12: The whole structure of control system
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Chapter 5
Experiment
The introduced system is embedded in auto pilot control system to verify the
effectiveness. Before experiment, the research platform is introduced first. Then,
the fault tolerant control schemes based on LQI controller and MRSMC controller
are tested in out door environment respectively. And the performance comparison
of these two systems is proposed.
5.1 Introduction of Research Platform
Figure 5.1: MS-06LA
Fig. 5.1 shows the standard vehicle which is as a mass-production of ACSL.
As an industry solution production, the MS-06LA offers the capability of carrying
about maximim 5 kg payload as well as the high extensibility of auto pilot system.
The MS-06LA is the main platform of this research. In this section, we would
like to introduce the detail of MS-06LA including the hardware and corresponding
software.
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5.1.1 Specification of MS-06LA
The spec of MS-06LA is listed in Table. 5.1
Table 5.1: Specifications of MS-06LA
Fuselage mass (Without battery) 1691g
Dimensions (With propeller) (L)1010mm×(W)938mm×(H)344mm
Dimensions (Without propeller) (L)893mm×(W)816mm×(H)344mm
Propeller diameter 13inches (254mm)
Battery type Li-po 6cell 12000mAh
Battery mass 886g
Payload Approx. 5000g
Flight time (No payload) 13min 30sec
5.1.2 Hardware structure of platform
The whole hardware structure is shown in Fig. 5.2. The whole system cloud be
separated to four parts. They are propulsion part, control unit, communication
part and external device.
Firstly, I would like to introduce the core part of the whole UAVs system, that
is control unit. It has a another common name is auto pilot. The duty of auto
pilot is as its name intuitively, that is the pilot of the vehicle instead of human.
In our auto pilot, there are two Micro Control Units. They handle their task
individually, One uses the angular velocity which from a 3-axis gyro sensor and
receives the control command from remote controller to carry out the angle ve-
locity feedback control. Next the calculated command values of six motor drives
could change the rotational speed of each brushless DC motors, future, the gyro
will feedback new angle velocity. We call this MCU as lower-level controller. The
task of lower-level controller is to ensure the manual operation controllability of
the vehicle. Sometimes, we need human pilot to make sure to prevent from crash
accident by taking the control authority from the auto pilot. The human pilot can
achieve getting control authority by switching to manual flight mode. Under these
conditions thereupon, the lower-level controller is the key protection to divert ac-
cident.
Another MCU, we call it higher-level controller. The main task of this MCU is
dealing with all complex operation and real-time data in the process of autonomous
flight which include obtaining latitude, longitude information, horizontal speed,
3-axis acceleration, 3-axis angular velocity, 3-axis compass and the altitude infor-
mation. After the calculation, the higher-level MCU transmit the reference input
of angle velocity to lower-level MCU. At the same time, the higher-level MCU is
receiving the command from ground station PC and sending the related flight date
to the PC. The task detail of this two MCUs will be discussed in next section.
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Figure 5.2: Hardware structure of MS-06LA
Figure 5.3: System structure
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5.1.3 Constitution of control unit
There is a image of the whole structure of MS-06LA system in Fig. 5.3 which
including the ground station. According to the ground station PC and the tool
software, we can design the flight route and send to MS-06LA as well as the real-
time status of the vehicle also could be recorded and monitored.
Autopilot
In this section, the detailed hardware configuration of MS-06LA auto pilot. The
autopilot is a three-tier structure which including control behavior processors,
several kinds of sensors and external circuit and voltage regulator circuit. The
spec can be checked in Table. 5.2. We will introduce the each board respectively
in the following subsections.
Table 5.2: Specifications of autopilot unit
Mass 433g
Dimensions (L)115mm×(W)115mm×(H)75mm
Input voltage 8.5–14V (Margin = 1.5V)
Sensor Board Previously the top board which including several sensors is
presented. The front and opposite side image is shown in Fig. 5.4 and Fig 5.5.
On this board, there are an inertial measurement unit (IMU) which is a product
of Xsens Ltd, a pressure sensor and a 3-axis gyroscope.
Figure 5.4: Front side of sensor board Figure 5.5: Opposite side of sensor board
IMU IMU is an electronic device that measures and reports a body’s specific
force, angular rate, and sometimes the magnetic field surrounding the body, using
a combination of accelerometers and gyroscopes, sometimes also magnetometers.
According IMU combining with Heading Reference System(AHRS) algorithm and
ING/GPS algorithm, the attitude control and navigation can be achieved. In
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Table 5.3: Specifications of MTi
Mass 25g(without case)
Dimensions (L)58mm×(W)58mm×(H)22mm
Rate of turn range ±300deg/s
Rate of turn bandwith 40Hz
Acceleration range ±500m/s
Acceleration bandwith 30Hz
Magnetic field range ±750mGauss
Magnetic field bandwith 10Hz
our autopilot a Mti production of Xsens Ltd is employed. This IMU can update
the 3-axis angle velocity, 3-axis acceleration, 3-axis compass and 3-axis angle or
quaternion expression by 50Hz. However, because of the concussion of vehicle in
flight, the angle is influenced by the concussion. Thus, our control system just use
all the data from IMU except the attitude angles and estimate the attitude angles
by our algorithm. The spec of IMU is listed in Table. 5.3.
gyroscope In our system, there is another 3-axis gyroscope which is different
with the gyroscopes in IMU. It is used to feedback the angle velocity in lower-level
MCU. The reason why use a independent gyroscope can be traced back to the
hardware limitation of old version autopilot. At that time, we want to run the
gyro feedback loop in 400Hz at least but the output of IMU is not enough and
considering the possibility of higher-level MUC shut down. Thus two gyro system
structure was used and still has been used so far. The 3-axis gyroscope in lower-
level part is made by ST Ltd which is L3G4200D. It is a digital device and it is
a low-power three-axis angular rate sensor able to provide unprecedented stability
of zero rate level and sensitivity over temperature and time. It includes a sensing
element and an IC interface capable of providing the measured angular rate to the
external world through a digital interface (I2C/SPI). In our autopilot we use the
SPI interface to get the angle rate data in 400Hz. The spec of L3G4200D is listed
in Table. 5.4
Table 5.4: Specifications of L3G4200D
Operating temperature range -40 to +85 (◦C)
Dimensions (L)4mm×(W)4mm×(H)1mm
Digital output data rate 100/200/400/800 Hz
Measurement range ±250/±500/±2000 dps
Sensitivity 8.75/17.50/70 mdps/digit
Supply voltage 2.4 to 3.6 V
pressure sensor In fact, the precision of GPS altitude is low,thus only use
the altitude data of GPS is impossible to deal with the altitude control. Hence we
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apply a pressure sensor to get absolute pressure and convert to absolute altitude.
The pressure we use is MS5803-01BA which is made by Measurement Specialties
Ltd. The sensing principle employed in MS5803-01BA leads to very low hysteresis
and high stability of both pressure and temperature. The specification is listed in
Table. 5.5 .
Table 5.5: Specifications of MS5803-01BA
Mass 1g
Dimensions (L)6mm×(W)6mm×(H)4mm
Range 1?130kPa / -2190?26369m
Absolute accuracy 150Pa / 12.7m
Max. resolution 1.2Pa / 0.10m
Update frequency Most accurate : 122Hz / Fastest : 1852Hz
Processor Board The middle board is the processor board which including the
lower-level MCU and higher-level MCU which is shown in Fig. 5.6 and Fig. 5.7
There is also a micro type SD card slot and a SDRAM which is used to storage
the controller gains and information related with the vehicle such as the dynamic
compass compensation value, vehicle mass, device life management data and so
on.
Figure 5.6: Front side of processor board
Figure 5.7: Opposite side of processor
board
higher-level MCU We use the Sh7211 which is producted by Reneaas Ltd.
as the higher-level MCU. This processor assume main task of the attitude con-
trol, velocity control , altitude control, direction control (yaw), position control,
INS/GPS navigation calculation, attitude estimation. Moreover the voltage mon-
itoring, information management of sensor data and flight route and the task of
communication with the ground station. The spec is listed in Table. 5.6
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Table 5.6: Specifications of Higher-Level Control MCU
Mass 30g
Dimensions (L)60mm×(W)85mm×(H)12mm
CPU Renesas SH-2A 32bit RISC
SH7211F (R5F72115D160FPV)
CPU Frequency 160MHz (288MIPS)
Memory Flash ROM 512KB
RAM 32KB
External RAM 16MB
Timer 8bit WDT
16bit CMT 2ch
16bit MTU2 6ch
16bit MTU2S 3ch
Interface 12bit A/D 8ch
8bit D/A 2ch
UART 4ch
I2C
lower-level MCU We apply a ATmega 128 to assume the role of lower-level
MCU. The main task of it is taking real-time angle rate data from gyroscope and
refresh the result of gyro feedback loop then send the command to each ESC in
400 Hz frequency. At the same time, the remote command from remote controller
should be decode by lower-level MCU at the same time. The specification of
ATmega128 is listed in Table. 5.7
Power Supply Board The under board is power supply board. The stable
voltage task and supply the power for processor board and sensor board. Further-
more, the command for each ESC which is calculated by processor board is sent
to power supply board, then generated the PWM signals output by power supply
board. The image of power supply board is shown in Fig. 5.8
Figure 5.8: Front side of power supply
board
Figure 5.9: GPS module
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Table 5.7: Specifications of Lower-Level Control MCU
Mass 4g
Dimensions (L)39mm×(W)30mm×(H)9mm
CPU Atmega AVR 8bit RISC
ATmega128 (ATMEGA128-16AU)
CPU Frequency 16MHz (16MIPS)
Memory Flash ROM 128KB
RAM 4KB
External RAM 32KB
EEPROM 4KB
Timer 8bit 2ch
16bit 2ch
Interface 10bit A/D 8ch
UART 2ch
SPI
GPS
In order to control the position and horizontal speed of vehicle, the correspond-
ing real-time data of vehicle state must be requested. Considering the cost of?
whole system, we apply the GPS module of LEA-6H which is produced by u-blox
Ltd. The GPS module is shown in Fig. 5.9 and the spec is listed in Table. 5.8.
Table 5.8: Specifications of LEA-5H GPS board
Mass 16g
Dimensions (L)37mm×(W)37mm×(H)9mm
Update frequency (Catalog Value) 10Hz
Tracking & Navigation Sensitivity -160dBm
Communication module
In the whole autopilot system, there are two communication modules. One is a
RC receiver which receiving the remote controller command, another is a 920Mhz
module for communication with ground station PC.
RC receiver We use the remote controller of Futaba Ltd for manual oper-
ation and flight mode switching. The RC receiver is shown in Fig. 5.10. The
2.4GHz is applied and maximum numbers of channels is 18. The output of S.Bus
according the USART interface send to lower-level MCU. The spec is listed in
Table. 5.9
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Table 5.9: Specifications of RC receiver
Mass 7.2g
Dimensions (L)37.4mm×(W)22.5mm×(H)9.3mm
Frequency 2.4GHz
Interface PWM 3ch
S.BUS (7ch/8ch/10ch/Multi-ch)
Figure 5.10: RC receiver
Figure 5.11: 920GHz module
Wireless module The planned route and all kinds of real-time vehicle state
are transmitted by a 920MHz module which applies a FEP01TJ010 module prod-
uct by Futaba Ltd. There is one set image of the module in Fig. 5.11. One is
connected with the vehicle, another connected with ground station PC. The spec
is listed in Table. 5.10
Table 5.10: Specifications of 920MHz
Mass 4g
Dimensions 32.9mm×22.0mm×8.1mm
Radio wave frequency 920MHz
Standard IEEE 802.15.4
Radio wave power 50mW / 10mW (for Japan)
Range 1.6km / 1.0km (for Japan)
Interface SCI 1ch
10bit A/D 4ch
Digital I/O 10pin
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5.1.4 Ground station software
Not only we have the proven technology of autopilot, but also the convenient
software support. There are three kinds of software for user to easier, faster and
safer using the hexacopter system of ACSL.
X-Monitor
The first version of X-Monitor is made by number Iwakura[24], afterwards
Ogawa who is a number of ACSl Ltd. manage all the GUI software. The X-
Monitor is a high level of completion GUI software with a lot of practical func-
tions. The image of Fig. 5.14 is the main GUI of X-Monitor. The software can
express the useful information of a flying vehicle such as the battery voltage, the
number of satellites, the RC signal state, flight mode, line speed and so on. X-
Monitor also can replay the previous video of X-Monitor GUI, almost all the flight
data including 3-axis angle, 3-axis angle rate, 3-axis acceleration, altitude, 3-axis
compass and so on. And there are several optional windows for showing the ve-
hicle attitude in 3D space in real-time or replaying. The function of X-Monitor is
very powerful, even signal waypoint upload function, auto landing, auto go home
function are embedded. Additionally,all data from the vehicle are monitored, and
warning messages displayed onscreen as necessary. Warnings can be acted on as
soon as they occur, helping to ensure safe flight.
Figure 5.12: GUI of X-Monitor
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Y-Planner
Y-Planner is also designed by Iwakura and Ogawa, this software is made for
autonomous flight route planning including the route layout, each waypoint infor-
mation(yaw direction, altitude, hovering time and so on), liner speed and others.
User can save the planned route as a readable file for higher-lever MCU and X
Monitor.
Figure 5.13: GUI of Y-Planner
Z-Emulator
Z-Emulator is designed as a flight training tool in the beginning, the same control
scheme and approximative MS-06LA dynamic are embedded thus the operational
sense is very similar with real one. In addition there are several kinds of flight map
are optional and the natural environment is optional too. Later, this simulation
software became a validation tool for developer by testing the new functions.
Cooperation of X,Y,Z
All the softwares are explained above cloud cooperate with each others. Actually,
real map data of some areas is embedded in Y-Planner, user can plan flight route
by Y-Planner and transmit the route by X-Monitor, then using the Z-Emulator to
carry out the autonomous navigation flight with the 920MHz module connected.
The cooperation simulation could help user to study the whole system in a safety
way.
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Figure 5.14: Z-Emulator
5.2 Experiment of LQI Based System
After the gyro feedback control validation which is proposed in last chapter,
an outdoor autonomous GPS navigation test was carried out with deliberately
induced rotor 1 and rotor 5 motor failures that are triggered remotely. Fig. 5.15
which is an old version x monitor shows a customized ground station software,
designed by the authors of [24], for the proposed UAV system. The flight route
can be planned before takeoff, and the real-time status of the vehicle is observable.
The experimental results are as follows. The vehicle took off under manual
control, and the flight data collection commenced when the vehicle switched to
autonomous navigation flight mode. Rotor 1 was stopped at 30.5 s, autonomous
navigation was completed at 47 s, and then the vehicle landed under manual
control with five rotors. When rotor 1 was stopped, a deviation appeared in the
altitude because of thrust reduction; however, by the end of the experiment, the
altitude response was tracking the reference appropriately, as shown in Fig. 5.16,
5.17 and 5.18. A subtle fluctuation still appears when the allocation is changed
because of the partial loss of thrust and the delay in motor dynamics. Because
the change in attitude cannot be compensated instantly, this subtle fluctuation
cannot be eliminated. However, there is no obvious abnormality in the position
of the vehicle. A reduction in altitude is observed, and the error approaches zero
after 15 s. Finally, the data in Fig. 5.19, 5.20 and 5.21. shows that the actual
position tracks the reference appropriately in three-dimensional space.
We carried out the same test for the failure of rotor 5. The results are similar
to those obtained for the failure of rotor 1; thus, the method proposed in this
paper is proven to be effective. We successfully realized autonomous navigation
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Figure 5.15: Image of ground station during one-rotor-failed flight
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Figure 5.16: Roll Angle when rotor 1 is stopped
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Figure 5.17: Pitch Angle when rotor 1 is stopped
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Figure 5.18: Yaw Angle when rotor 1 is stopped
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Figure 5.19: North-south position when rotor 1 is stopped
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Figure 5.20: East-west position when rotor 1 is stopped
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Figure 5.21: Altitude when rotor 1 is stopped
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Figure 5.22: Planned route and actual path when rotor 1 is stoppedd
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flight subjected to propulsion system failure; we used the explicit multiple control
allocation algorithm and verified the effectiveness of this method in the case of the
failure of rotor 5. The results achieved are satisfactory. The test data is shown
in Fig. 5.25, 5.24, 5.25 and Fig.5.26, 5.27, 5.28. A negative jump appeared in
the roll when rotor 5 was stopped, and the tracking of the reference input was
resumed within 1 s. Similar to the case of rotor 1 failure, the vehicle lost its
altitude immediately; however, after 20 s, it returned to the reference altitude.
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Figure 5.23: Roll Angle when rotor 5 is stopped
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Figure 5.24: Pitch Angle when rotor 5 is stopped
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Figure 5.25: Yaw Angle when rotor 5 is stopped
0 5 10 15 20 25 30 35 40
Time [s]
-1
0
1
2
3
4
5
6
7
8
No
rth
-S
ou
th
 P
os
iti
on
 [m
]
Responce
Reference
Figure 5.26: North-south position when rotor 5 is stopped
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Figure 5.27: East-west position when rotor 5 is stopped
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Figure 5.28: Altitude when rotor 5 is stopped
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Figure 5.29: Planned route and actual path when rotor 5 is stoppedd
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5.3 Experiment of MRSMC based System
5.3.1 Hovering
The hovering ability of a hexacopter is one main indicator of reference perfor-
mance. In this hovering experiment, we stop rotors 2 and 3 successively while the
vehicle is in hovering status under automatic flight mode without a planned route.
The experimental results are obtained as one continuous-time flight data set; thus,
the time does not begin at 0 seconds. The experimental vehicle takes off in attitude
mode and is switched to automatic flight mode after achieving a suitable altitude
by changing the mode switch. In automatic flight mode, the vehicle maintains the
transient state from before the flight mode switch. To simulate propulsion-system
failure, we set η2 and η3 to zero by two different switches,The flight data is as
follows: respectively.
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Figure 5.30: Control input to each motor drive in Rotor 2 is stopped
As shown in Fig. 5.30, the control input to the motor drive of rotor 2 jumps to
zero at 73.6 s. Almost simultaneously, the five remaining control inputs disperse,
but remain in the unsaturated range. At 84.2 seconds, we set η2 to 1 and the
? failed? rotor is restored. Of course, in the actual flight, the resurrection of a
failed propulsion element is unlikely, but by switching the controller in this manner,
we can obtain intuitive results for the robustness of our controller. Moreover, the
resurrection situation is not entirely impossible.
In Fig. 5.31, 5.32 and 5.33, the control input for each angular rate and the
filtered gyro data are shown. The force and torque produced by rotor 2 are effec-
tively lost in the roll direction. Without strong external disturbance, like wind, and
with remote input, each control input should fluctuate around 0. In the moment
that rotor 2 is stopped, concomitant with the concussion of the vehicle attitude
to maintain the hovering status, the control input from SMC varies immediately
in the roll direction. Correspondingly, the pitch and yaw control inputs remain
smooth. However, in the moment of rotor resurrection, despite immediate changes
in each input, the motor rate cannot recover immediately. The concussion in the
moment of rotor resurrection is stronger than that in the rotor stopping case. The
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Figure 5.31: Roll velocity control input and output of inner loop when rotor 2 is
stopped while hovering
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Figure 5.32: Pitch velocity control input and output of inner loop when rotor 2 is
stopped while hovering
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Figure 5.33: Yaw velocity control input and output of inner loop when rotor 2 is
stopped while hovering
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concussive strength is determined by the characteristics of the motor and motor
drive.
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Figure 5.34: Roll reference and response values of angle controller when rotor 2 is
stopped in hovering
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Figure 5.35: Pitch reference and response values of angle controller when rotor 2
is stopped in hovering
In Fig.5.34,5.35,5.36 , the roll, pitch, and yaw angles are expressed. The angle
data is consistent with the reference control input, as there are two different am-
plitudes in the switching transient in the roll angle.
During the rotor 3 failure test, at 53.6 seconds, the value of η3 = 0; at
66.4 seconds, η3 = 1 . According to Fig. 5.37 and 5.43, it is obvious that the
remaining five rotors are restricted to the achievable range. The same vibrational
phenomenon appears in the moment of switching, because of the force and torque
generated by Rotor 3 acting on the roll and pitch directions. Thus, when switching,
obvious concussions occur in roll and pitch, even as yaw appears relatively small,
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Figure 5.36: Yaw reference and response values of angle controller when rotor 2 is
stopped in hovering
because of the asymmetric rotation arrangement. Another reason for the unstable
yaw angle is the electromagnetic interference of one stopped motor.
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Figure 5.37: Control input to each motor drive in Rotor 3 is stopped
5.3.2 Automatic flight
At last, we switch to stop rotors 2 and 3 during an automatic flight to prove
that the FDI scheme is effective against propulsion failure. Before the test flight,
we use dedicated GUI software to plan the automatic flight path shown in Fig.
5.44, 5.45 and 5.46. There are three waypoints in this flight mission. First, the
vehicle takes off at the point labeled? home? in automatic flight mode; then, it
follows the set waypoints from numbers 1 to 3. On the path between points 1 and
2, rotor 3 is stopped at 115 s. The vehicle continues to point 2 using the remaining
rotors. At point 2, rotor 3 is resurrected and the vehicle hovers for 10 seconds.
From points 2 to 3, rotor 2 is stopped at 139 seconds until arrival at point 3.
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Figure 5.38: Roll velocity control input and output of inner loop when rotor 3 is
stopped while hovering
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Figure 5.39: Pitch velocity control input and output of inner loop when rotor 3 is
stopped while hovering
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Figure 5.40: Yaw velocity control input and output of inner loop when rotor 3 is
stopped while hovering
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Figure 5.41: Roll reference and response values of angle controller when rotor 3 is
stopped in hovering
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Figure 5.42: Pitch reference and response values of angle controller when rotor 3
is stopped in hovering
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Figure 5.43: Yaw reference and response values of angle controller when rotor 3 is
stopped in hovering
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The concrete flight path in 3D space and in a horizontal plane is shown in Fig.
5.47 and Fig. 5.48, respectively. The results show that the vehicle is not influenced
by the loss of one actuator. Our original MRSMC embedded in the hexacopter
system reveals excellent robustness against actuator failure. The velocity control
result is shown in Fig. 5.49.
Figure 5.44: The actual flight path and planned flight path
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Figure 5.45: The actual flight path and planned flight path
Figure 5.46: The actual flight path and planned flight path
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Figure 5.47: The actual flight path in 3D
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Figure 5.48: The actual flight path in a horizontal plane
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Figure 5.49: Speed target and actual speed
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5.4 Performance Comparison of LQI andMRSMC
Against Propulsion Fault
Last, we use the altitude and attitude data from the test flight in section 5.3
to compare with the automatic flight data from previous chapter, which used a
LQI controller to address propulsion failure in a hexacopter. In order to clearly
illustrate the experimental results, we use a dotted line to mark the switch time.
In SMC flight, we perform four moments of switching, as follows:
• First line, stopping rotor 3;
• Second line, reviving rotor 3;
• Third line, stopping rotor 2;
• Fourth line, reviving rotor 2.
In LQI, we perform one switching action
• First line, stopping rotor 1 (corresponding to rotor 2 of the SMC-embedded
vehicle in this study, because the × type is applied in this study while the
+ type is used in the previous work.)
Although we just analyzed the altitude and behavioral data, it is sufficient to
illustrate the superiority of the embedded MRSMC controller.
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Figure 5.50: Altitude reference and response value of MRSMC
First, starting with the altitude data, the MRSMC is shown in Fig. 5.50 and
LQI result is shown in Fig. 5.51. The vehicle clearly does not lose altitude using
MRSMC. In LQI, a drop of 1.1 m is observed, and 15 seconds elapse before the
target altitude is reached. Comparing cases of identical stopped rotors, SMC
tracks well with the target altitude, although an inconspicuous divergence within
0.5 meters occurs.
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Figure 5.51: Altitude reference and response value of LQI
Now, we focus on the behavior of the vehicle. In Fig. 19(b), in the moment
of stopping one rotor, an obvious variation of -9 degrees is observed in the pitch
of the LQI test flight. However, in the MRSMC test data, the variation induced
by switching from six to five rotors is very small, as shown in Fig. 19(a).
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Figure 5.52: Roll Angle data of MRSMC
In this test, the MRSMC controller using a fixed reference model and one-group
controller gains in response to multi-group rotor failure exhibits excellent robust-
ness against single-propulsion element failure. However, the LQI controller requires
multi-group controller gains to handle different rotor failure situations. Hence, not
only is the stability of the hexacopter suffering propulsion failure affected, but the
training parameters present difficulties. The MRSMC system performs much bet-
ter than the LQI controller system.
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Figure 5.53: Pitch Angle data of MRSMC
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Figure 5.54: Yaw Angle data of MRSMC
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Figure 5.55: Roll Angle data of LQI
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Figure 5.56: Pitch Angle data of LQI
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Figure 5.57: Yaw Angle data of LQI
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Chapter 6
Conclusion
6.0.1 Summary
In this thesis, we proposed a practical solution for an industrial usage hexcopter
which propulsion system is faulty. we apply the fault tolerant control theory to
design a flight control system which shows the fault tolerance against the propul-
sion system fault of hexacopter. According to the fault tolerant control theory,
there are two necessary components in a fault tolerant system that are diagnosis
block and control re-configuration block. By monitoring some state and output
of the system, a residual value can be generated and a residual evaluation can
give a criterion to evaluate the healthy condition of system . When objective fault
occurred in the system, diagnosis block can reaction immediately and transmit
the fault information to control re-configuration block. In this thesis, we applied
model-based approach to detect the abnormal current diversification in one phase
of each brushless DC motors, and a attitude estimator by using Kalman Filter is
also proposed. Attitude angle in three degrees of freedom can be estimated by
current system state, when lost partial thrust, an abnormal changing will occur in
attitude, The faulty part can be located by the combination of different attitude
change. Through the fault information from diagnosis block, the re-configuration
block can give the optimal decision to keep the hexacopter stable until safe landing.
There, a LQI controller and a MRSMC controller are proposed respectively. Due
to the plant changing in individual propulsion system fault occurred, a multi-group
model is necessary for LQI to switching. However, MRSMC controller express a
excellent robustness against the plant diversification.
6.0.2 Future works
Based on the completed works, the following contention can be future attempted
• Fault and failure detection of sensors, furthermore a redundancy sensors and
even a redundancy auto pilot systems can be constructed. And the control
system switching also should be into the field of view
• Considering add the control degree, such as apple the variable pitch propeller
and reversal rotation motor driver to control yaw.
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• Adding a rotational operation mechanical structure at the motor fixed joint
and according to adjust the angle between propeller flat and vehicle flat to
offset the extra counter torque in yaw direction.
The full axis attitude control would be possible to achieve by above proposals
during propulsion part faulted.
118
References
[1] Mark W. Mueller and Raffaelle D’ Andrea, “Stability and control of a quadro-
copter despite the complete loss of one, two, or three propellers”, IEEE In-
ternational Conference on Robotics and Automaton (ICRA), May 31, Jun 7,
2014, pp.45 -52.
[2] Hajjat A. Izadi, Youmin Zhang and Brandon W. Gordon, “Fault Tolerant
Model Predictive Control of Quad-Rotor Helicopter with Actuator Fault Es-
timation”, International Federation of Autonomous Control(IFAC), August
28, September 2, 2011, pp.6343 - 6348.
[3] Daniel Vey and Jan Lunze, “Structural reconfigurability analysis of multirotor
UAVs after actuator failures”, 2015 IEEE 54th Annual Conference on De-
cision and Control(CDC), December 15-18, Osaka, Japan, 2015, pp. 5097 -
5104.
[4] Thomas Schneider, Guillaume Ducard, Konrad Rudin and Pascal Strupler,
“Fault-tolerant Control Allocation for Multirotor Helicopters using Paramet-
ric Programming”, International Micro Air Vehicles Conference and Flight
Competition (IMAV), July 3-6, Braunschweig, Germany, 2012.
[5] M. KVASNIC and P. GRIEDER and M. BAOTI,”Multi-Parametric Tool-
box(MPT)”.Volume 2993 of the series Lecture Notes in Computer Science pp
448-462
[6] Michael C. Achtelik and Klaus-Michael Doth and Daniel Gurdan and Jan
Stumpf, “Design of Multi Rotr MAV with regard to Efficiency, Dynamics and
Redundancy”, AIAA Guidance, Navigation, and Control Conference 12-16
August 2012, Minneapolis, Minnesota,DOI: 10.2514/6.2012-4779.
[7] Michael Frangenberg, Johannes Stephan and Walter Fichter, “Fast Actuator
Fault Detection and Reconfiguration for Multicopters”. AIAA Guidance, Nav-
igation, and Control Conference, 5-9 January 2015, Kissimmee, Florida, DOI:
10.2514/6.2015-1766
[8] Aryeh Marks, James F. Whidborne and Ikuo Yamamoto, “Control Allocation
for Fault Tolerant Control of a VTOL Octorortor”, UKACC International
Conference on Control 2012, Gradiff, UK, 3-5 September, 2012. pp. 357 -362
119
[9] Mark W. Mueller and Raffaello D’Andrea,”Relaxed hover solutions for mul-
ticopters: application to algorithmic redundancy and novel vehicles”, The In-
ternational Journal of Robotics Research, 2016, Vol. 35(8) 873889, pp. 874 -
889
[10] Cedric de Crousaz, Farbod Farshidian, Michael Neunert and Jonas Buchli
“Unified Motion Control for Dynamic Quadrotor Maneuvers Demonstrated
on Slung Load and Rotor Failure Tasks”, 2015 IEEE International Conference
on Robtics and Automation(ICRA 2015), March 2, 2015. pp. 2223 - 2229
[11] E.N Johnson, and D.P Schrage, “System integration and operation of a re-
search unmanned aerial vehicle”, Journal of Aerospace Computing, Informa-
tion, and Communication Vol. 1, January 2004. pp. 5 -18.
[12] G. Drozeski, S. Bhaskar, and G. Vachtsevanos, “Fault detection and reconfig-
urable control architecture for unmanned aerial vehicles”, in Proceedings of
the IEEE Aerospace Conference, March 5-12, 2005, Big Sky, MT, USA.
[13] G. Drozeski, S. Bhaskar, and G. Vachtsevanos, “Fault tolerant architecture
for an unmanned rotorcraft,? in Proceedings of the AHS International Spe-
cialists”. pp. 91 -99 Meeting on Unmanned Rotorcraft, January 18-20, 2005,
Chandler, AZ, USA.
[14] G. Drozeski, and G. Vachtsevanos, “Fault-tolerant architecture with reconfig-
urable path planning applied to an unmanned rotorcraft , in Proceedings of the
American Helicopter Society 61st Annual Forum, June 1-3, 2005, Grapeview,
TX, USA.
[15] ACSL Ltd. Homepage: http://en.acsl.co.jp/
[16] Wei Wang, Mituso Hirata and Osanu Niyazawa, “Autonomous Control of
Micro Flying Robot” Journal of Vibration and Control, Vol.16, No.4, pp.555-
570, 2010
[17] Wei Wang, Kenzo Nonami and Yuta Ohira,”Model Reference Sliding Mode
Control of Small Helicopter X.R.B based on Vision”, Robotic Institute of
JAPAN, Vol.5, No.3, pp.235-242,2008
[18] Wei Wang, Satoshi Suzuki, Kenzo Nonami, Daisuke Iwakura, Dwi Pebrianti,
LaiDi Zhu,DaWei Guo and Farid Kendoul, “Fully Autonomous Quad-Rotor
MAV and flying performance with complete embedded system”, In Proceedings
of the 9th international conference on motion and vibration control, ID.1301,
Munich, Germany, 2008.
[19] Farid Kendoul, Yu Zhenyu and Kenzo Nonami, “Embedded Autopilot for Accu-
rate Waypoint Navigation and Trajectory Tracking: Application to Miniature
Rotorcraft UAVs”, In Proceedings of the 2009 IEEE International Conference
on Robotics and Automation,pp.28842890, Kobe, Japan ,2009. p 2884 - 2890
120
[20] Daisuke Iwakura, Wei Wang, Kenzo Nonami and Mark Haley, “Movable
Range-Finding Sensor System and Precise Automated Landing of Quad-Rotor
MAV ”, Journal of System? Design and Dynamics, Vol.5, No.1, pp.1729,
2010.
[21] Hassan Noura. Didier Theilliol, Jean-Christophe Ponsart. Abbas Chamsed-
dine, “Fault-tolerant Control Systems Design and practical applications”
Springer Verlag London Limited 2009.
[22] Syaril Azrad, Farid Kendoul and Kenzo Nonami, “’Visual Survoing of Quadro-
tor Micro-Air Vehicle Using Color-Based Tracking Algorithm”, Journal of
System Design and Dynamics,Vol.4, No.2, 2010. pp. 255 - 268.
[23] Mohammad Fadhil Bin Abas, Dwi Pebrianti, Syaril Azrad, Daisuke Iwakura,
Yuze Song, Kenzo Nonami and Daigo Fujiwara, “Circular Leader-Follower
Formation Control of Quadrotor Aerial Vehicles”, Journal of Robotics and
Mechatronics, Vol.25, No.1, 2013. pp. 60 -69
[24] Daisuke Iwakura, “The research of muticopter in outdoor and indoor environ-
ment” Ph.D thesis, 2013.
[25] R. Isermann,”Fault-Diagnosis Systems, An Introduction from Fault Detection
to Fault Tolerance” Springer-Verlag, Berlin Heidelberg, 2006.
[26] Mogens Blanke, Michel Kinnaert, Jan Lunze, Marcel Staroswiecki, “Diagnosis
and Fault-Tolerant Control”, Spring-Verlag Berlin Heidelberg 2006.
[27] Guillaume J. J. Ducard,”Fault-tolerant Flight Control and Guidance Systems.
Practical Methods for Small Unmanned Aerial Vehicles”, Springer-Verlag
London Limited 2009
[28] Guillermo P. Falconi, Jorg Angelov and Florian Holzapfel, “Hexacopter Out-
door Flight Test Results Using Adaptive Control Allocation subject to an Un-
known Complete Loss of one Propeller ,” 2016 3rd Conference on Control and
Fault-Tolerant Systems (SysTol), Barcelona, Spain, Sept. 7-9, 2016. pp. 373 -
380.
[29] Michael Frangenberg, Johannes Stephan and Walter Fichter, “Fast Actua-
tor Fault Dedtection and Reconfiguration for Multicopters” AIAA Guidance,
Navigation, and Control Conference, 5-9 January 2015, Kissimmee. Florida.
DOI: 10.2514/6.2015-1766
[30] Guillaume J.J.Ducard and Minh-Duc Hua,”Discussion and Practical Aspects
on Control Allocation for A Multi-Rotor Helicopter ” International Archives
of the photogrammetry, Remote Sensing and Spatial Information Science,
Vol.XXXVIII-1/C22 UAV-g2011. pp. 95 - 100.
[31] Guillermo P. Falconi, Simon P. Schatz and Florian Holzapfel, “Fault Tolerant
Control of a Hexarotor using a Command Governor Augmentation”, 24th
121
Mediterranean Conference on Control and Automation (MED),June 21-24,
2016, Athens, Greece. pp 182 - 187.
[32] Wei Wang, Kenzo Nonami and Yuta Ohira, “Model Reference Sliding Modde
Control of Small Helicpter X.R.B based on Vision”, International Journal Of
Advanced Robotic System, Vole.5, No.3(2008), ISSN 1729-8806, pp. 235-242
[33] Dwi Pebrianti, Wei Wang, Dasuke Iwakura, Yuze Song, and Kenzo Nonami,
“Sliding Mode Controller for Stereo Vision Based Autonomous Flight of Quad-
Rotor M ” Journal of Robotics and Mechatronics, Vol.23 No.1 pp. 137-148,
2011. pp. 21 - 28.
[34] Maximilian Muglegg, Philipp Niermeyer, Guillermo P.Falconi and Florian
Holzapfel, “La Fault Tolerant Adaptive Control of Hexacopter with Control
Degradation”, 2015 IEEE conference on Control Applications(CCA), Sydney,
Australia, September 21-23, 2015. pp. 750 - 755.
[35] J. Chen and R. J. Patton. “Robust model-based fault diagnosis for dynamic
systems.” Kluwer academic publishers, 1999.
[36] Guillaume Ducard, “The SMAC Fault Detection and Isolation Scheme:
Discussions, Improvements, and Application to a UAV ”, 2013 Conference
on Control and Fault-Tolerant Systems(SysToI) October 9-11, 2013. Nice,
France. pp. 480 - 485
[37] Guillaume Ducard and Hans P. Geering, “SMAC-FDI: New Active Fault De-
tection and Isolation Scheme With High Computational Efficiency”, 2010
Conference on Control and Fault Tolerant Systems Nice, France, October
6-8, 2010. pp. 30 - 36.
[38] Daniel Rupp, “Fault-Tolerant Control and Fault Detection for Unmanned
Aerial Vehicles ”, Measurement and Control Laboratory, Swiss Federal In-
stitute of Technology, Diploma Thesis,Winter 2004/2005.
[39] Murillo F. Santos, Leonardo M. Honorio, Exuperry B. Costa, Edimar
J. Oliveira, Joao Pedro Portell Guades Visconti, “Active Fault-Tolerant Con-
trol Applied to a Hexacopter under Propulsion System Failures ”, 2015 19th
Iternational Conference on System Theory, Control and Computing (IC-
STCC), October 14-16,Cheile Gradistei, Rimania. pp. 447 - 453.
[40] Mattias Nyberg, “Model Based Fault Diagnosis Methods, Theory, and Auto-
motive Engine Applications”, Phd thesis, Department of Electrical Engineer-
ing Linkoping University, SE-581 83 Linkoping, Sweden,1999
[41] R. Isermann and P. Balle, “Trends in the Application of Model-Based Fault
Detection and Diagnosis of Technical Processes”, Control Eng.Practice, Vol.5,
No.5, pp.709 719, 1997. pp. 709 - 720.
122
